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Abstract

Thin films and nanostructures of functional materials like lead zirconium titanite oxide (PZT) and
Zinc Oxide (ZnO) offer multitude of applications in ferroelectrics, piezoelectrics and piezotronics.
While the properties of thin films of ZnO and PZT are well understood, methods for the fabrication
of vertically-aligned and spatially ordered nanocolumns of these materials are not common. To
achieve a spatially ordered arrangement of either PZT or ZnO, a Silica Nanosphere (SNS)
Monolayer Template has been constructed to serve as nucleation site for the growth of a specific
number of nanocolumns. The SNS monolayer template is constructed by Langmuir-Blodgett dip
coating, using SNS’s of diameters ranging from 3800 nm to 160 nm. To understand the
nanocolumnar growth ZnO and PZT nanostructures, these were constructed using Glancing Angle
Pulsed Laser Deposition (GAPLD), a variation of Glancing Angle Deposition (GLAD) which
allows for the columnar growth of materials under proper growth conditions. The structural and
morphological properties of these nanostructures were characterized using SEM, EDS and XRD
to determine the conditions that showed enhanced crystallinity and correct stoichiometry. To finish
the work, ZnO nanostructures were constructed on a SNS monolayer. The physical and structural
properties of the ZnO nanostructures on the top surface of each sphere were observed to be
dependent on underlying sphere size.
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Chapter One:
Introduction
In this chapter, an introduction to nanostructures and periodic, spatially ordered
nanostructures will be discussed. The different methods for the fabrication of nanostructures will
be discussed in detail with their advantages and drawbacks compared. In addition, an overview of
the materials studied in this dissertation will be discussed.

1.1 Introduction.

Arguably one of the most prevalent research drives in science and engineering during the
end of the 20th and the beginning of the 21st century has been the study of nanostructures. This
includes topics ranging from fundamental research to the development of practical engineering
applications. For example, the number of publications on nanowires and nanorods, some of the
most interesting nanostructures, have increased from few hundreds in 2001 to more than 13
thousand in 2017.
The focus of the attention in nanostructures arises due to their small size. There are three
size regimes that need to be considered to fully understand the physical and chemical properties
of any nano-material: bulk, nanoparticles/nanostructures and atomic clusters. The boundaries
between these three regimes being dependent on each individual application, property and material
to be studied. The prefix “nano” in nanostructures is due to these structures having at least one
dimension in the order of 10-9 meters, which leads to high surface-to-volume ratios and the promise
1

of improved performance by increasing the surface or interface areas while maintaining the same
volume1. All physical and chemical properties are size-dependent at some length scale because the
properties of individual atoms are profoundly different than that of bulk materials. The inherent
need for improvement in electronics and communications has produced a desire to explore these
fields2.
The advancement of nanotechnology depends on the capacity to fabricate these
nanostructures in simple, accurate and cost-effective methods. Although much effort has been
invested and significant progress has been achieved, the growth of 1D, 2D and 3D nanostructures
still faces many challenges in the quest to produce practical applications of nanostructures. This
chapter will present an overview of several methods to nanofabrication that have been widely
studied. Their strengths, drawbacks and their relation to the work on this study will be discussed.

1.2. Top-Down Approach to Nanotechnology

Nanostructure fabrication or nanofabrication involves methods for constructing
nanostructures and devices that have a dimensionality of around 100 nm. Nanostructures have
been constructed chemically3 and physically4 with applications in all fields of science including
medicine5, construction and building materials6, the food sector78, amongst many others9. There
are many distinct nanofabrication methods for the construction of nanostructures, and these can be
classified as “bottom-up” or “top-down” approaches. In the “top-down” approach10, fabrication
processes involve a “bulk” material that is “processed” down in size into the desired shape via
various techniques. The “bottom-up” approach starts off with already constructed atoms,
molecules or nanostructures which are generally chemically grown or self-assembled into a
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substrate. In the preceding sections these two methods will be explained and different techniques
of each will be discussed, including advantages and limitations for each.
“Top-Down” approaches have been the standard method for the development of
nanostructured devices. These techniques manipulate bulk sized materials by “eliminating” nanoscale patterns. The method to eliminate each pattern or section, is what can be defined as the
process and these processes in general are called lithography. These nanostructures can be easily
situated on a substrate, limited by the resolution of the deposition lithography technique10,11–13. In
conventional lithography, the sample is covered in certain sections by a mask, and the exposed
material is etched away. The agent of etching is what separates the technique. Chemical etching
uses acids and physical or mechanical etching technique uses U-light, X-rays or electron beams.
1.2.1. Optical Lithography
Optical Lithography, or photolithography, techniques were initially introduced for the
fabrication of integrated circuits in the 1960’s14. Photolithography uses a beam of light collimated
through a quartz plate, which serves as a mask, supporting a chromium coating for the purpose of
creating patterns on a surface. This quartz placed is placed in close proximity to the wafer. A light
sensitive material called a photoresist, is used to form the patterned coatings on the surface of the
wafer and the quartz plate is used to mask sections of the photoresist which are covering the wafer.
The photoresist denominated as positive when the photoresist exposed by the mask is removed
and it’s denominated as negative when the unexposed photoresist film is removed.
1.2.1.1 Projection Photolithography
Conventional photolithography has a resolution of 1 m for an incident wavelength of 400
nm15. For better resolution, a lens with refraction index n is inserted in between the mask and the
wafer, forming the image of the mask on the surface of the photoresist. To achieve a specific
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resolution, the numerical aperture N for the lens is calculated to be proportional to the refraction
index and the sine of the maximum angle of light collected at the focal point of the image i. Using
the Rayleigh criterion, it can be obtained that the minimum distance that can be imaged for a given

 of light is
𝐿𝑚𝑖𝑛 =

𝑘𝜆
𝑁

for real lenses. The k is a parameter that takes into account light conditions and lens imperfections.
Under ideal conditions k = 0.6116. From this technique, resolutions of ~80 nm have been reached15.
1.2.1.2 Limitations of Photolithography
The use of the Rayleigh criterion in projection photolithography is an ingenious way to
improve the resolution in optical lithography, but the use of a complex mask still limits the
practical resolution of the technique. As high-volume manufacturing requires repeated production
of copies, with many different patterns, the required masks have to be highly complex. This adds
an additional expense to photolithography, which on itself is not very cost effective.
1.2.2 Extreme Ultraviolet Lithography
The Rayleigh criterion provides a clear physical limit to the resolution of optical
lithographic techniques. Improvements in the Lmin, have been attempted via reducing the k value13,
increasing the numerical aperture N17 or reducing the wavelength . Extreme UV lithography
attempts this by reducing the wavelength. The reasoning behind this technique is that while the k
and N are limited by engineering, in theory, the wavelength of light has no physical limitations.
In commercial photolithography systems, helium (He) lamps having with wavelengths of 436 nm,
405 nm and 365 nm. At this time, the standard commercial photolithography systems use an ArF
laser with wavelength of 193 nm.
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Extreme Ultraviolet lithography (EUV) uses a plasma source to generate wavelengths of
13.5 nm. In principle, EUV is a projection photolithography system, with the inclusion of systems
that can accommodate the wavelengths that characterize it. Common optical materials strongly
absorb in these extreme UV wavelengths, making refraction optics impossible. The solution to
this problem is the development of set-ups using reflection as a way to orient the light beam
towards the sample. This set-up is called a Bragg reflector18 An example a general set-up is
observed in figure.
1.2.2.1 Limitations of EUV
EUV shares, and even compounds, the same limitations as optical lithography. Even
though any wavelength can be selected as a photon source, the more the system diverges from the
visible optical band of the spectrum, the more complicated the engineering of EUV becomes.
Plasmas sources of known materials do not radiate their wavelengths in “broad” peaks, hence, the
search of an appropriate plasma is still ongoing.19 But the addition of a new, lower wavelength
carries other technical and engineering difficulties20. The lithographic process has to be performed
under vacuum and the mirror itself has to be kept under hydrogen ambient pressure. Since EUV
photons are so energetic, they actually interact with the electrons of the photoresist from the atom,
instead the molecule itself21. This leads to non-uniform exposure of the film and this a challenge
for progress in EUV.
1.2.3. E-beam Lithography
A focused electron beam can be considered the smallest, practical pencil known22 since
the wavelength of an electron is around 1000 times smaller than that of an optical photon. The use
of a technique that uses an electron beam, instead of a photon beam would permit for higher
resolutions compared to optical beams. E-beam lithography is such a technique23. Electron beam
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lithography is a nanopatterning technique in which a pattern is traced on a suitable medium using
a focused electron beam. In principle, it works the same way as optical lithography, with the use
of an organic polymer called resist as recording medium, with either a positive or negative tone.
The difference between optical and e-beam lithography is the lack of masks in e-beam
lithography, due to high resolution of the beam. Resolution is limited not by the wavelength of the
electron beam but by interactions between the electron beam and the resist layer which can lead to
scattering and secondary electron emissions. This allows for more complicated patterns to be
constructed using e-beam lithography.
1.2.3.1 Limitations of E-beam Lithography
To achieve accurate reproduction of nanopatterns in e-beam lithography, several
components have to work in unison. A standard practical set-up is composed of an electron optical
columns, electronics to focus and blank the beam, digital electronics to store and transmit the
pattern data, a high-vacuum system with moving sections, a high-precision mechanical stage with
movements in the x-y axis relative to the beam, among others. This leads to one of its principle
flaws, it’s complexity. To compound this complexity, unpredictable problems such as jittering and
more predictable issues such as the proximity effect, can only be minimized with the addition of
metrology components.
A more complex limitation of e-beam lithography lies in the slow speed of the process24.
This limitation is due to serial sequence of the probe beam and the drift length of the incident beam
caused by scattered electrons coming off the resist. The latter results in the need for lower electron
beam energies, which in turn reduces the process time. Comparing both optical and e-beam
lithography in writing speed shows a stark contrast, as optical lithography is able to cover same
areas at a minimum 20 times the speed of e-beam lithography. For that reason, optical lithography
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is the preferred method of choice for high-volume applications and e-beam lithography is method
of choice for low volume superior resolution.
1.2.4. Etching
Masking involves the use of a physical or grown mask on the surface of a sample. Etching
techniques, either wet-etching or dry-etching, have the objective of controlled removal of atoms
of the surface of the sample. Deposition techniques such as evaporation, sputtering, chemical vapor
deposition (CVD), pulsed laser deposition (PLD), molecular beam epitaxy (MBE) and ion
implantation are generally used to grow thin films on substrates. And linewidth limited techniques,
commonly called lithography are sophisticated methods for the growth of nanostructures and
devices.
This process begins with a metal mask of approximately 1 m of thickness is placed on the
surface of, for example, a silicon wafer. A photoresist polymer is applied on the chip surface and
light is exposed through it. These marks are used to delineate areas of the surface of the substrate
that are to be removed by chemical or by dry etching. In addition, the mask could be used to protect
a surface, for example, growing SiO2 on the surface of a wafer. A mask can be deposited into the
substrate via physical techniques. Chemical Vapor Deposition (CVD) allows for the formation of
layers of marking agents by exposing the surface of a temperature-controlled sample to carrier
gases at different flow rates.
1.2.4.1. Wet Etching
Wet etching is a material removal process that uses liquid chemicals, or etchants, for the
removal of atoms from the surface of a sample. The patterns to be removed are defined by the
masks on the surface of the sample and materials that are not protected by the mask are etched
away from the surface. The process can be described in three steps:
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1. Diffusion of liquid etching agent on the structure to be removed.
2. Reaction between etchant and material, which usually occurs due to a redox
reaction.
3. Diffusion of by-products.
Since different etching agents react at different rates with respect to the material crystal
plane, anisotropy arises on some samples. The concentration rate of isotropic etching agents,
generally acids, is the parameter to control lateral etching, since the material es removed laterally
at a rate similar to the speed of downward etching. Figure 1.5 shows an example of both anisotropy
and isotropy on wet etching.
1.2.4.2. Dry Etching
Dry etching, sometimes called plasma etching, uses gasses or ionized plasmas as etchant
media. The etching reaction is performed utilizing a high kinetic energy particle beam, that can
chemically react with the etched sample. In physical dry etching, the highly energetic stream of
particles causes atoms to evaporate off the surface of the sample, without any chemical interaction.
In chemical dry etching, the gas interacts with the sample surface leading to the formation of other
chemical products which then remove atoms off the surface of the sample. Similar to wet-etching,
a mask is used to form patters in the surface of the sample. Reactive ion etching (RIE) uses a
combination of both physical and chemical dry etching. It’s in general the preferred method of
choice for industry as it allows for etching processes at a faster rate, since it uses a combination of
both techniques.
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1.3. Bottom-up Approach to Nanotechnology

With the proper conditions and ingredients, atoms and molecules for spontaneously. They
form naturally. The “bottom-up” approach involves methods in which already constructed
nanostructures are grown or self-assembled into a substrate by using a thermodynamic process or
the use of each material individual properties.
These techniques typically for very high crystalline properties, with it’s only limitation
being accurate position of these nanoparticles on a substrate1. Hence, construction and applications
of nanostructures are known, but there are many challenges that need to be solved before applying
them commercially in most fields. Practically, the main problem to solve is the simplification of
instrumentation and processes to allow for their wide spread use. The ideal nanofabrication
technique for systematic study of size-dependent properties would be independent of material,
substrate, nanoparticle of shape, inexpensive and allows for a broad range of particle sizes (micron
to nano) and spacing parameters.
1.3.1. Soft Lithography
As discussed in the previous sections, photolithography is the mainstay technique for
microfabrication but the topic of their applications in biological systems has been omitted. The
reason for this that photolithography techniques are rarely applicable on these types of systems.
The projection of a photomask on a photoresist film is not necessary compatible with biological
systems as the technique is limited to some photosynthetic materials29. Photolithography is not
suitable for non-planar surfaces and it cannot take into account surface chemistry effects or its
applications30. In addition, the cost of photolithography systems is always a negative to the
technique31.
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Soft lithography techniques are low in capital cost and circumvent the diffraction
limitations of projection photolithography. The variations of photolithography share the common
feature of using a patterned elastomer or mask (instead of a rigid photomask) to generate the
micropatterns. The elastomeric block is generally made out of poly(dimethylsiloxane) or PDMS.
Polymers similar to PDMS have very low glass transition temperatures, making them fluids at
room temperature and can be converted into solid form by cross-linking. The study of these
polymers is extensive32. These elastomeric masks are made via cast molding. Figure 4 shows a
diagram of the basic of photolithography steps compared to soft lithography.
The most studied variations of soft lithography are microstamping and microfluidic
patterning. These techniques allow for the patterning of peptides, proteins and polysaccharides,
which are positioned on the surface of the mask and then transferred to another surface, producing
a self-assembled monolayer (SAM)33. Microstamping or microstamp patterning uses a mask or
stamp composed of dots34. This technique has been successfully used to reach resolutions of 100
nm35. Microfluidic patterning uses a PDMS mold that can form small channels on the surface of
the substrate for the depositing of fluid materials36.
Applications of nanostructures and nanodevices are broad but the promise of applications
in surface modification are a field of ongoing research especially surfaces with ordered nanostructures have attracted intensive attention due to their distinctive surface feature-dependent
properties37.Periodic, spatially-ordered nanostructures provide certain unique properties that have
garnered interest, including efficient photon scattering in plasmonics38, reduction of thermal
conductivity39, nanotexturing light harvesting40, and most relevant of all, photonics41. The
periodicity of these structures allows for dispersive properties of, so called “photonic crystals” to
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arise leading to highly unusual refractive properties. These materials may be regarded as the optical
analog of ordinary semiconductors42.
These periodic nanostructures can be developed via self-assembly which allows for simple
deposition on substrates. As research is ongoing, the use of colloidal spheres provides an intriguing
alternative for generating periodic nanostructures43 that can aid in the construction of periodic
nanostructures44, combining the benefits of the “bottom-up” and “top-down” approaches to
nanostructure construction. The diameter of the colloidal particles has been tuned to levels that go
beyond the conventional lithographic methods. Monodisperse spheres will spontaneously selfassemble into a hexagonally closed pack (hcp) form via drop coating45, dip coating46, spin
coating47 and air-liquid interface techniques48, generally, Langmuir Blodgett (LB) with having a
lot of promise, as these techniques allows for a relatively easily transferable and/or monolayer49.
For the purposes of these work, a spatially ordered silica nanosphere monolayer template
constructed using LB will be used as nucleation sites for the spatially ordered top-down
construction of functional materials. Functional materials encompass all materials that can be
assigned a specific function50. In this particular project, two materials will be studied, Zinc Oxide
(ZnO) and Lead Zirconium Titanate Oxide (PZT).

1.4 Zinc Oxide (ZnO)

ZnO is a very well-studied semiconductor with a direct wide band gap (3.4 eV),
multifunctionality like room temperature (RT) ferromagnetism51, and piezoelectricity52. It has also
been used as a transparent conducting oxide electrodes53.The principal feature for research in ZnO
is the simplicity of its growth in different forms using diverse physical and chemical methods. The
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PLD technique has been very successful for growing ZnO thin films with defined dopant
concentrations and complex morphologies for various applications54. ZnO thin films usually have
a preferred growth orientation in the c-axis of the wurtzite structure, irrespective of the underlying
substrate55, as long as some hexagonal symmetry is present in the surface-unit cell of the substrate,
a degree of an epitaxial relationship between substrate and film is preserved.
Zinc Oxide is a material that has been used for many applications since before roman tim55
being a noticeable white power that was generally used in skin lotions and cosmetics and has been
extensively studied in optical applications57, as a transparent conductor for solar cells and others58
and many more uses. ZnO is an intrinsic, direct bandgap n-type group II-VI semiconductor with a
wide direct bandgap of 3.37 eV, which is considerably wider than that common semiconductors
like silicon (1.1 eV) and gallium arsenide (1.4 eV). In addition, large exciton binding energy of 60
meV that makes it transparent in the visible part of the spectrum.
The wurtzite structure is usually oriented along the (0 0 0 1) axis, or the c-axis, which is a
polar, Zn+2 -terminated face and the opposite (0 0 0 -1) is O-2 -terminated. The lattice constants for
this structure a = 0.32498 nm, b = 0.32498 nm and c = 5.2066 nm with a c/a = 1.633, close to the
ideal hexagonal cell value of 1.6. The structure can be described as alternating planes of
tetrahedrally coordinated O-2 and Zn+2 stacked alternately along the c-axis, with the entire structure
lacking central symmetry.
Another property of ZnO, relevant to this work is its piezoelectric coefficient d33 reported
to be 12.4 pm/V59. The low symmetry of the ZnO wurtzite crystal structure in combination with a
large electromechanical coupling gives rise to the piezoelectric effect on ZnO. A stress applied at
the apex of the tetrahedron causes the centers of the Zn+2 and O-2 ions to be displaced, inducing a
dipole moment, which in turn induces a piezo-potential across the material. Important to note is
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that this piezo-potential only exist while the stress is maintained.

1.5 Lead Zirconium Titanate Oxide Pb(Zr1-xTix)O3 (PZT)

PZT based heterostructures have been shown to possess low coercive fields and high
remnant polarization values. Due to these desirable properties, PZT has arisen as an industry
standard among ferroelectric and piezoelectric materials60. The ferroelectric nature of PZT was
first discovered in the 1950’s in Japan shortly followed by the discovery of its piezoelectric
properties. PZT is a solid solution of PbTiO3 and PbZrO361. Substitution of Zr+4 by Ti+4 in PbTiO3
reduces the tetragonality. As the Zr+4 level keeps increasing, another ferroelectric phase of
rhombohedral R3m symmetry appears. The boundary between the tetragonal and rhombohedral
phases is called the morphotropic phase boundary (MPB), observed to be nearly independent of
temperature. Further changes to the composition give rise to more phase changes.
PZT has a Curie point at around 386 °C, above which the Para electric phase with the ideal
perovskite structure exists. The cube corners are composed of Pb+2 with either Zr+4 or Ti+4 in the
middle which is surrounded by a regular octahedral cage with O-2 in the corners. As the
temperature is reduced below the Curie point the Zr+4/ Ti+4 ion gets shifted with respect to the
octahedron resulting in a non-centrosymmetric structure.
Ferroelectric thin films of PbZr0.52Ti0.48O3 (PZT) have garnered considerable interest in
recent years due to their application in memory and micro- electromechanical (MEMs) devices62.
Thin film deposition techniques, such as sputtering63, pulsed laser deposition (PLD)64, and solgel processing65 have been extensively used to fabricate PZT thin films and hetero-structures. Of
these techniques, PLD offers unique advantages in terms of stoichiometric transfer of material
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from multi-component targets to the as-deposited films; high deposition rate, and inherent
simplicity for growth of multilayered structures with precise control of composition and
crystallinity (see Chapter 2). PZT films require deposition temperatures (Ts) between 500 ̊C to
600 ̊C for good crystallinity66. The composition of PZT films also depends strongly on the laser
fluence and partial pressure of ambient O2 (pO2)61, as at high O2 ambient pressure (~200-500
mTorr) and high KrF fluence (> 3 J/cm2) are generally used during deposition.

1.6. Nanoelectromechanical Systems

Nanoelectromechanical systems (NEMS) are systems in which the mechanical and
electrical properties of a system are coupled. These systems provide exciting applications via the
piezoelectric and ferroelectric effect. Zhao has already shown that ZnO nanorods of a diameter of
30-50nm show an enhancement of the piezoelectric properties due to lack of defects in the crystal
nanorod crystal structure67. An array of these structures could be used as a nanoforce sensor, as a
ZnO single wire has been observed be sensitive to nanodisplacements59. Figure 1.8 shows a
schematic of this device. Multiple wires in combination can improve sensitivity of the effect
observed by Wang. The wires are seeded on a conducting substrate and a conducting top electrode
is deposited on top. An incident force in the direction of the wire length will cause bending that
will lead to a charge separation only at the surface of the wires. The wires will be connected to a
circuit and the resistance across the whole device can be monitored and as discussed by Wang, the
wires will go through an increase in resistance.
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Figure. 1.2. Illustration of fabrication of patterned surfaces using conventional photolithography.
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Figure 1.3. Schematic Illustration of EUV Photolithography
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Figure 1.4. Steps in Soft Lithography.
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Figure 1.5. Anisotropy and isotropy on wet etching. a) Completely anisotropic
(ideal), b) partially anisotropic and c) isotropic.
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Figure 1.6. Zinc Oxide Wurtzite Structure.
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Figure 1.7. Perovskite Structure of Pb(Zr1-xTix)O3.
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Figure 1.8. Proposed NEMS. Nanowires are seeded on a
conducting substrate and connected to a voltage.
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Chapter Two:
Experimental Methodology
This chapter will describe the experimental devices and measurement techniques used in
this work. The entirety of the work was performed at the Department of Physics of the University
of South Florida - Tampa. Thin film fabrication was performed using pulsed laser deposition
(PLD) and glancing angle pulsed laser deposition (GLAD). Fabrication of monolayers was
performed on the Functional Materials Laboratory (FML) at USF using Langmuir-Blodgett dip
coating. Structural characterization of thin films and monolayers was performed at the Physics
Materials Diagnostics Facility (PMDF) and the Facility for Optical Characterization of Materials
(FOCM) at USF involving the metrology techniques X-ray diffraction (XRD), scanning electron
microscopy (SEM), Energy Dispersive X-Ray Spectroscopy (EDS) and Dynamic Light Scattering
(DLS).

2.1 Pulsed Laser Deposition of Thin Films

Pulsed laser deposition or PLD, is one of the simplest techniques employed for thin film
growth that belongs to the group of physical vapour deposition methods (PVD). PLD consists of
the laser ablation of a target material rotated around its axis and a usually heated substrate where
the material will deposit itself. In practice, the techniques require the use of a vacuum chamber
with various pressure gauges, control valves, temperature controllers and optical components with
the objective to manipulate and control all the deposition parameters during thin film growth. Via
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an optical setup, an external ultra-violet KrF (wavelength = 248nm) excimer laser beam is focused
with an energy density, or fluence (mJ / cm2), directed and focused onto the rotating target surface.
With each laser pulse, material is removed from the targets surface and is directionally transferred
onto the substrate surface forming a layer of the target material. A schematic diagram of the PLD
set-up in LAMSAT is shown in Figure 2.1. During the laser-target interaction, the UV radiation is
absorbed by the outermost layers of the target surface causing rapid heating and vaporization of
the target materials, forming a plasma. The plasma plume travels to the substrate, crystalizing into
a film which under the right conditions will have identical chemical composition to that of the
target material.
As simple as it is to conceptualize PLD it’s also one of the most flexible thin film growth
techniques available. The technique enables researchers the ability to investigate synthesis of thin
films of a wide variety of materials including multicomponent oxides, ferroelectrics and
conductive oxides. Film growth can be carried out in any type of gas environment, which is an
essential feature for the growth of certain types of materials with oxygen often used in the
deposition of oxides. The ability to control the deposition temperature and pressure in this manner
offers access to a wide range of thermodynamic states allowing the possibility of stabilizing
metastable phases. The parameters that control the film quality and thickness are the energy density
incident on the target or fluence, target composition, substrate crystallinity, substrate temperature
and the type and pressure of the gas inside the chamber.
PLD distinguishes itself from other thin film deposition techniques due to several reasons.
Reactive deposition in ambient gases is achievable due to the lack of an electron beam or a hot
filament inside the deposition chamber. The interaction between the plasma and the ambient gas
molecules allows for a highly directional and confined plume which is energetic enough to transfer
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different species with enough mobility to facilitate epitaxial film growth. This will be discussed
later on in Chapter 4 as it’s particularly useful for glancing angle deposition (GLAD).
Stoichiometric transfer of materials can occur under the proper choice of fluence, resulting in a
film with the same composition as the target. Producing multilayered structures can also be
achieved by mounting several targets in a carousel and changing the target on which the laser falls
in the desired order. The films that are created with this method usually have less contaminants
compared to other methods.
PLD is not without its disadvantages. The splashing of material from the target to the
substrate and the high directionality of the laser ablated plume are a problem in PLD grown films.
Splashing is a fundamental problem in PLD and mostly unavoidable although it can be minimized
by the optimization of thin film growth parameters. Splashing can be defined as the transference
of particles or droplets from the target to the film surface. These particles may range in size from
micron to sub-micron dimensions, which is particularly problematic as it doesn’t allow for
production of electronic device quality films. Particulates on the film surface can induce the
formation of defects, lower carrier mobility and downgrade the damage threshold. Furthermore,
the presence of particulates on the bottom surface of multilayered devices may impair proper
crystalline growth of a subsequent layer. It seems that the target surface quality can help reduce
splashing to some extent.
Another general drawback of PLD is its highly directional plume. A highly-directed plume
of ablated material restricts uniform film area on the substrate making it difficult to scale up in the
manner required for industrial applications. This problem can be overcome by rastering the laser
beam, by rotating and rastering the substrate and a variety of other techniques. To limit the film
area uniformity problem this study will substrates of around 1cm x 1cm area and substrate rotation
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was optimized for columnar growth, not for substrate coverage. This is an area of future study.

2.2 Glancing Angle Deposition of Thin Films

Glancing Angle Deposition (GLAD) is a variation of standard PVD techniques used for
the growth of nanostructured thin films prepared by target material evaporation. The glancing
angle concept can be applied to PVD techniques where the substrate surface and the material
deposition source are aligned in oblique manner. In GLAD, the geometric configuration is such
that the material flux arrives to the surface of a substrate at an oblique angle, which is why GLAD
is sometimes referred to as oblique angle deposition (OAD). There are several thin film processing
techniques that have incorporated the GLAD/OAD method. The main mechanism at work in
GLAD processes is ballistic shadowing between initially nucleated grains which allow for the
presence of singular nanostructure within the GLAD thin films.
Deposition of thin films at low temperatures (temperatures < 0.3 of the evaporated material
melting temperature or temperature threshold) in standard geometry depositions with respect to
the evaporated material, lead compact thin films. During deposition of GLAD thin films, the
material flux arrives at an oblique angle relative to the substrate surface, which adds another
deposition variable to thin films growth. This variable has a significant influence on the thin film
microstructure. The mechanism of ballistic shadowing prevents deposition of material in regions
behind the initial nucleation sites and these regions are called shadow regions. Under these
conditions and the absence of ad-atom diffusion, incident material is deposited at the point of
impact giving rise to tilted columnar nanostructures and highly porous films. Rotation of the
substrate at specific rotation frequencies allows for vertical growth of nano-columns. This is due
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to the averaging of the incoming flux angle during deposition; hence, the main effects of GLAD
are noticeable after initial nucleation.
2.2.1 Geometry of GLAD Process.
In GLAD, material nucleation starts just as in any of the other growth modes (in this case
the Volmer-Weber island growth mode would apply) under PVD techniques, the material initially
nucleates randomly across the surface. After some time, the initially nucleated material will cast a
shadow behind itself. This initially nucleated material will prevent the arrival of any further
evaporated material in these so-called shadowed regions. As the deposition progresses, the nuclei
promote the formation of nano-columnar material that is tilted with respect to the substrate and
separated from other nuclei on the substrate, leading to porous films.
General geometry for the GLAD scheme is given by the tangent and cosine rules, which
govern the oblique angle of evaporation and the tilt angle of the nanocolumns. These are discussed
in68
E tan 𝛼 = tan 𝛽

𝛽=𝛼−

sin−1 (1 − cos 𝛼)
2

(1)

(2)

where  is the evaporation angle,  is the nanocolumn tilt angle and E is a parameter given by
𝐸=

2
1
3 (1 + Φ tan 𝛼 sin 𝛼)

(3)

where  is dependent on deposition rate and diffusivity.
No empirical expression has been found yet for the determine of  accurately. It is
understood thereby to be a material dependent property and also a deposition technique property.
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Shadowing effects during GLAD control growth dynamics, but temperature (via ad-atom
scattering) and ambient oxygen pressure (due to randomization of particle scattering) have a
considerable effect on the growth mechanics of GLAD nanostructured films.
2.2.2 Nucleation of Thin Films
At low temperature, thermal diffusion makes little contribution to nanostructured GLAD
thin films. The introduction of temperature69 is done through the temperature threshold T where:
𝜃𝑇 =

𝑇𝑆
𝑇𝑓

TS is the substrate temperature and Tf is the melting temperature of the incident material.
Below a certain temperature threshold, ballistic shadowing dominates ad-atom surface diffusion,
above a certain temperature threshold diffusion dominates, impeding nanocolumnar morphologies.
Experimentally, it has been found that metal thin films have a T of 0.33 and for oxides the value
has been found to be close to 0.5.

2.3 Glancing Angle Pulsed Laser Deposition

In PLD, the ablation of the target allows for a highly directional plasma plume, which is a
key feature in GLAD. The combination of these two methods is called Glancing Angle Pulsed
Laser Deposition. (GAPLD). PLD’s benefits can be combined with the GLAD method to provide
stoichiometric films with a measure of crystallinity70. Ability to manipulate crystal plane direction
allows for tunable strains as a function of film thickness. It has been shown experimentally and, in
this work, that even though the PLD plasma plume is composed of highly energetic neutral and
charged particles, ballistic shadowing is still observed, irrespective of target material. Still, the
parameters that affect PLD thin film growth, such a fluence, target substrate distance, ambient gas
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pressure, amongst others, need to be taken into consideration and carefully controlled.
The setup is shown in figure 2.3. It is the same set-up as a regular PLD system with vacuum
chamber connected to a system of roughing and turbo pumps and several inlets for controlled
introduction of gas into the chamber. The target is connected to a dc motor that allows for rotation
of the target, which allows for even target ablation during deposition. The difference in the system
lies in the position of the substrate relative to the target. In the case of GAPLD, the substrate is
placed almost parallel to the plume axis. The angle is found by controlling the height of the sample,
relative to the target and the horizontal distance between the ablated laser spot and the substrate.
Using this parameter, we can keep the distance d fixed during deposition, and this parameter is
called the deposition distance.
2.3.1 Sample Rotation
Glancing angle incidence allows for the formation of shadowing regions that promote the
formation of discreet columns of material on the substrate. Even though the angle at which these
columns growth, relative to the substrate is not necessarily understood, its an undeniable fact that
the columns will grow slanted. The addition of substrate rotation allows for the formation of
sculptured films, with complex microstructures while different microstructures can be obtained by
the change in the azimuthal angle  and the deposition angle . This study will focus on deposition
with changing azimuthal angle with constant deposition angle. A schematic is observed in figure
2.4. In this case the growth is averaged over a 3600 rotation resulting in perpendicular
nanocolumns.
2.3.2 Heated Rotation
As discussed in section 2.2.2, temperature plays an important role in the nucleation of
materials on substrates under any GLAD process. To perform heated experiments in PLD, a
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voltage is applied through a halogen bulb, inducing an emission of radiative energy, which then
heats the sample. The temperature is controlled by the applied voltage
In the GAPLD set-up the heating systems works in similar fashion, but since the halogen
bulb can only be heated via wires, a system of skates was developed to avoid the issue. Using the
sample holder as a base, a concentric set of copper electrodes were wrapped around an internal
ceramic cylinder and a Teflon ring. An image is shown in figure 2.5. Stainless steel skates were
used to connect to each copper rail and from this maintain electric contact, keeping the substrate
heated.
To determine the temperature at the sample, a 1 cm x 1 cm cut 150mm silicon wafer
substrate was pasted with silver conductive ink at the center of the holder. A precision fine wire
thermocouple was then pasted with silver conductive ink on the center of the substrate. A variac
was used to control the voltage across the halogen bulb. Figure shows the temperature measured
by the thermocouple as a function of the applied voltage. The temperature was allowed to level of
for 5 minutes before recording a measurement.

2.4. Langmuir Blodgett Dip Coating

Langmiur Blodgett (LB) is a dip-coating method, which allows for the preparation and
transfer of nanosphere monolayers from liquid-gas interface onto a solid substrate by the controlled
withdrawal of the substrate. The technique enables the bottom-up nanofabrication of nanostructure
devices and is known for its high reproducibility of large area hcp nanoparticle films from a single
process. The technique allows the transfer of nanoparticles formed in an air-water interface onto
any substrate. It has also been shown experimentally to allow the formation of anisotropic
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nanoparticle monolayers.
Amongst these reasons, LB dip coating has several advantages over similar techniques. For
example, spin coating is generally well regarded and understood in the semiconductor industry
and has been shown to produce monolayer films in repeatable fashion42. In comparison to LB, the
problem is the amount of material required to complete a film. Due to the nature of the process,
spin coating leads to wasted material during the ramp up, while LB only needs enough material to
fill the water interface, which as discussed in these experiments, can be less that 0.5mL. This is of
considerable advantage with precious metal nanoparticle solutions, which will incur in monetary
losses due to wasted solution.
In this work, we will focus on the study of a gas (air)-liquid (deionized water, DI H2O)
which is classified as a fluid interface or a G-L interface.
2.4.1 Surface Tension
Surface tension is one of the most important concepts required to understand LB coatings.
The surface tension is the force F per unit length dl acting on an imaginary line element that is
parallel to the surface across all the points in the given surface. Is is given by:
𝛾=

𝐹
𝑑𝑙

To measure this quantity, most LB coatings use the Wilhelmy plate method. In the Wilhelmy plate
method a rectangular object (in this work’s case chromatography paper was used) is suspended at
the air-DI water interface and is pulled down by the surface tension of water. An illustration is
given in figure 2.7. The forces acting on the plate are its weight an upward thrust and the surface
tension. The weight of the plate can be zeroed out by the instrument, the upward thrust force is
dependent the depth change at which the plate is inserted into the water and is eliminated by
keeping the plate at a constant level and ST is the surface tension. The ST can then be calculated
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as
𝛾=

𝐹
𝑃 cos 𝜃

where P is the perimeter of the plate and  is the angle of the meniscus with the plate, relative the
surface. The use of chromatography paper allows for complete wetting ( = 00; cos  = 1)
simplifying this expression even more.
The setup for the Nima LB trough at the Functional Materials Lab (FML) is shown in figure
2.7a. Figure 2.8b shows a general schematic of the operation and parts on the Nima LB trough.
The high surface tension of water allows for an interfacial region that can support the buoyancy of
nanoparticles in the surface of the water. Nanoparticle ordered monolayers are usually achieved at
high surface tensions (> 35mN/m), where colloidal nanostructures “condense” into a solid
cohesive film. The quality of the nanoparticle arrays is greatly affected by particle size and shape
and surface pressure. Monolayer area can be tuned by moving the barrier, effectively changing the
interparticle spacing. In this project, monolayers Silica Nanospheres (SNS’s) of varying diameters
were constructed using the LB method.

2.5 X-ray Diffraction

X-ray diffraction (XRD) is a non-destructive thin film characterization technique that can
measure crystal structure of materials. This technique can be used to obtain information about
crystallinity, phase identification and planar orientation including lattice parameters, orientations
of single crystalline films, and preferred orientations of polycrystalline films.

Since the

wavelength of X-rays (between. 0.1 to 1 Å) is in the range of atomic size, they are ideally suited
for probing the atomic structure in a wide range of materials.
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The basic principle of XRD is based on Bragg’s law, or Bragg’s condition, given by:
2𝑑ℎ𝑘𝑙 𝑠𝑖𝑛𝜃 = 𝑛𝜆
where θ is the angle of incidence of the X-rays, λ is the wavelength of the X-rays, n is a positive
integer representing the order of the diffraction peak and dhkl is the interplanar spacing where h, k,
l are the Miller indices. Figure 2.8c shows an incident beam of parallel X-rays impinging the
crystal surface at an angle θ and getting reflected from the parallel planes of atoms formed by the
crystal lattice of the material. The atoms, represented as spheres, form different sets of planes in
the crystal.
All XRD scans were carried out with Cu Kα radiation using a Bruker-AXS D8 Focus Xray Diffractometer (pictures shown in figure 2.8a and 2.8b) with a λ = 1.5405 Å. The measurement
technique performed in this experiment is called a θ-2θ scan. Symmetric 𝜃 − 2𝜃 scans can be used
to measure the inter-planar distance in relation to the atomic planes parallel to the film surface.
The incident beam reaches the sample surface at an angle 𝜃 and the detector is placed at an angle
2𝜃 with respect to the incident beam. While the sample is kept stationary, the X-ray source and the
detector are rotated around the sample, maintaining the relative orientation between them.
Whenever the Bragg condition is met there will be a peak in the detected intensity. The diffraction
intensity pattern can then be plotted as a function of the angle 2𝜃 and it is then compared to a
known data base.
Polycrystalline films generate XRD patterns with all the possible crystal orientations of the
material similar to the bulk powders. However, referred oriented or textured films demonstrate
XRD patterns with certain Bragg reflections more pronounced than the others. Figures 2.8 (a, b,
and c) show schematic diagrams of randomly orientated crystallites in a polycrystalline film,
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textured film with preferred weak orientation, and epitaxial film with strong orientation,
respectively. The preferred crystallographic directions lead to anisotropic properties in thin films.

2.6 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is considered to be a very powerful tool for the
characterization of nanostructures and nano-structed thin films, as it provides direct imaging of the
morphology of the studied sample. Just as a microscope uses photons (light) as a way to image a
sample, an SEM uses a beam of electrons that interact with the sample. This interaction causes the
sample to produce other electrons which are then collected by a detector which forms an image.
This technique is able to obtain higher resolution images than optical microscopes due to the
shorter de-Broglie wavelengths of electrons in comparison to photons.
The set-up of a standard SEM is shown in figure 2.10a. The electron beam in an SEM setup is generated by the heating of a tungsten filament, accelerated towards the sample by large
electric fields (between 0.5 -30 kV) and directed towards the sample by magnetic lenses and coils
which focus the beam across the surface of the sample. This beam-sample interaction (Figure 2.9)
generates several interactions products due to the penetration of the beam inside and beyond the
surface of the sample. These interactions are:
1. Auger electrons – these electrons are generated by the transfer of energy by the incident
electrons to atoms on the surface of the sample, which knocks out an atom from an
inner electron shell. This allows an electron from an upper shell of the atoms of the
sample to go to a lower energy state, releasing a characterizing Auger electron.
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2. Secondary electrons (SEs) – these electrons are produced via inelastic scattering near
the surface of the sample which are then recorded by the detector. By scanning the
beam across the surface, and an image can be plotted. This emission and detection
efficiencies of SEs are related to the morphology of the sample. This are the electrons
used for the well knows images generated by SEM.
3. Backscattered electrons (BEs) – sometimes an incident electron can be scattered back
towards the surface of the sample. This is a function of atomic number Z as atoms with
bigger nuclei being able to deflect more electrons hence, via a backscattered electron
detector, a contrast can be used to determine chemical composition.
4. Characteristic X-rays – These are generated in the same way as Auger electrons and
are studied by energy dispersive x-ray spectroscopy.
Samples in the SEM need to be studied under vacuum and since they are under constant
electron bombardment, they have to be grounded to avoid accumulation of electrons on the surface,
which leads to surface charging. This effect can interfere with the incident electrons, distorting the
recorded image. This illustrates a certain limit into the type of sample that can be studied under
SEM. Insulating samples will be more prone to this charging effect. To dissipate charges on the
surface of the sample, a thin coating of a conductor (Au:Pd) is deposited on the sample using
hummer sputtering.

2.7 Dynamic Light Scattering

Dynamic Light Scattering (DLS) is a technique that allows for the characterization of nanoparticle size, zeta-potential and molecular weight of a given sample in a liquid medium. The
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instrument uses the fact that small particles scatter light in all directions to correctly measure
particle size. If a screen is held next to the particles, the scattered light will form regions of bright
and dark spots. This is caused by the interference (constructive and destructive) pattern of each
scattered light ray by each particle. Particles suspended in solution are never stationary and are
undergoing Brownian motion, which is the movement of particles due to random collision with
the molecules of the solvent. DLS measures Brownian motion and relates this to particle size by
illumination the solution with a laser and analyzing intensity fluctuation in the light scattering
caused by the particles.
Particle size is calculated using Stokes-Einstein equation for Brownian motion:
𝑑𝐻 =

𝑘𝐵 𝑇
3𝜋𝜂𝐷

where kB is the Boltzmann constant, T is the absolute temperature,  is the viscosity of the liquid
medium and D is the translational diffusion coefficient, dependent on size and surface structure of
particle and is related to the Brownian motion velocity, and dH is what is called the hydrodynamic
meter, which is the diameter of a sphere that has the same translational diffusion coefficient as the
particle. Larger particles will exhibit slower Brownian motion and smaller particles are moved
further by the solvent molecules, moving faster.
The set-up for DLS at USF is shown in Figure 2.11. The measurement uses a Malvern
Instruments Zetasizer Nano S Model Zen1600 equipped with a 632.8nm laser with 0.63mm
diameter beam and measurement angle of 1750. Even though measurements are performed at room
temperature, the system is equipped for temperature variation measurements from 0 0C to 90 0C.
The constant motion of the particles means that the speckle pattern will move with them,
changing the intensity pattern of the screen. By measuring the rate of intensity fluctuation, the
particle size can be determined. A correlation function is used to achieve this by using the premise
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that large particles move slowly, and small particles move faster. The system measures the
intensity of the light scattering pattern of the particles at a given time, then observes how that
pattern changes with time and using the Brownian motion, it correlates that change to the size. The
system from that measures the intensity as a function of size, which gives a particle size
distribution. This measurement allows for a good estimate of silica nanosphere size distribution.
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Figure 2.1. Schematic diagram of PLD set-up.
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Figure 2.2. Picture of the GAPLD set-up it LAMSAT.
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Figure 2.3. a) Schematic diagram of GAPLD set-up and b) cross-section
showing the GLAD incidence.
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Figure 2.4. Shadowing length 𝑙𝑠 = ℎ tan 𝛼, and its effect on columnar growth during rotated
depositions.
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Figure 2.5. Substrate heater for heated GAPLD depositions with rotating skate connectors.
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Figure 2.6. Substrate temperature as a function of applied voltage on Variac.
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(a)

(b)

Figure 2.7. a) Nima LB trough at the FML. b) Crossection of the trough schematic
of device during deposition.
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Figure 2.8. X-ray reflection illustrating Bragg’s law. X-rays are shown in red.

45

ebeam

Auger e-

Sample
surface

Secondary
eBackscattered
eCharacteristic
X-rays

Figure 2.9. Cross-section of electron beam penetration
depth on SEM

46

a)

Tungsten
Filament
(Source)

b)
Electron
beam

Anode
(accelerator)

Magnetic
Lenses

Detector

Sample

Figure 2.10. a) Schematic set-up of an SEM, b) shows a picture of the JEOL JSM6390LVK at PMDF.
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Figure 2.11. a) Typical DLS system setup (from the DLS manual), b) shows the
Malvern Instruments Zetasizer Nano S Model Zen1600 at the FOCM.
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Chapter Three:
Construction and Characterization of Silica Nanosphere Monolayers
This chapter will describe growth and characterization of silica nanosphere (SNS)
monolayers constructed using Langmuir Blodgett dip coating (LB) on silicon substrates.
Monolayers were constructed from SNSs of diameters of 3500 nm, 1800 nm, 850 nm, 500 nm, 250
nm and 150 nm purchased from Cospheric LLC. The diameter and size distribution was
characterized with dynamic light scattering (DLS) and with scanning electron microscopy (SEM).
The monolayer isotherms were obtained via the NIMA TR516 software.

3.1. Introduction

Monolayers of ordered and closely packed nanoparticles have garnered attention due to
their unique optical properties71, electrical72, mechanical73 and surface modification74,75.For the
practical application of monolayers, these promising materials need to be grown over a large area
and with a high process rate. Studies to achieve well-ordered and highly compact films covering a
large area try to achieve this via printing76,77, evaporation78,79, spin-coating52.1 and other
techniques. High process rate has been considerably studied with different techniques

75,76

. In

general, most of these techniques use some form of dip coating method in which a substrate is
immersed in a solution containing the nanoparticles, followed by their withdrawal from the
solution with a certain velocity.
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In Langmuir-Blodgett (LB) dip coating, a volatile solution containing the nanoparticles is
suspended in the interface between water and air. LB films are formed by the vertical passage of
a substrate through the monolayer. Substrate selection depends on the use of the monolayer. For
optical studies, quartz is preferred to glass, and silicon is preferred for studies involving X-Ray
Diffraction. In this study, all monolayers will be deposited on silicon substrates.

3.2 Characterization of Silica Nanosphere Size using Dynamic Light Scattering.

Solutions of 4% by weight of SNS on ethanol were made by combining 0.07 g of different
sizes of SNSs to 2 mL of ethanol and poured in a disposable polystyrene cuvette. The solution was
ultrasonicated for 30 minutes to allow for even dispersion of the SNSs in solution. Figure shows a
picture of a solution in cuvette. The refractive index of SNS was gives as n = 1.55 by the
manufacture. This value is extremely important for the DLS software to accurately determine the
particle size. All measurements were recorded at room temperature.

Table 3.1. Diameter and standard deviation of SNS measured via DLS.
3800 nm

1200 nm

850 nm

500 nm

250 nm

160 nm

3939

1157

915

512

251

177

256.0

145.6

109.8

62.5

42.9

23.5

Measured
Diameter
(nm)
Standard
Dev () (nm)
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Table 3.1 shows the measurements for the SNS diameter and standard deviation in the diameter
via DLS. In addition to SNS diameter and standard deviation, DLS allows for the measurement of
SNS size distribution in solution. This is extremely important as to achieve even monolayer selfassembly, with few defects or interstitials, the SNSs should be all of the same size to achieve the
even spacing of an hcp structure. Results for these measurements are observed in Figures 3.1 and
3.2.

3.3 Formation of Silica Nanosphere Monolayers using Langmuir-Blodgett Dip Coating

3.3.1 SNS Monolayer Spreading
Construction of Silica Nanosphere Monolayers (SNMs) were performed using LB coating.
The interface was composed of air and DI water, with the temperature being 28 0C. SNSs were
dispersed on a solution of 3:1 ethanol to chloroform with a 10% by weight amount of SNSs added.
The solution was then sonicated for 1 hr to and spread dropwise 0.5 mL at a time on the surface of
the water by using a microsyringe. The total amount of solution added to the trough before the
initial compression differed with respect to particle size. The amount of solution is shown in Table
3.2.
After the solution was added, the chloroform was allowed to evaporate for a waiting period
of 15 minutes. All barriers were compressed at a speed of 30 mm/min and the vertical substrate
withdrawal speed was 10 mm/min for all samples. After substrate withdrawal, the amount of
material deposited on the substrate (or substrate coverage area SC) follows the equation given by
Song83 :
𝑆𝐶 =
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3∗𝑤%∗𝑉
4𝑟𝜌

where w% is the mass concentration of SNSs on solution (which is 0.01 g/mL), r is the
nanoparticle radius, V is the solution volume added to the trough and  is the density of the
nanoparticles (in this case silica, 2.4 g/cm3). Figure 3.3 shows the plot used to determine the
amount of solution that needs to be added after each deposition, by following equation 1.

Table 3.2 Amount of solution added to trough before initial compression per SNS diameter
3800 nm

1100 nm

850 nm

500 nm

250 nm

160 nm

0.40 mL

0.40 mL

0.35 mL

0.35 mL

0.30 mL

0.25 mL

3.3.2 Surface Pressure – Area ( vs A) Relationships
The principal experimental result of an LB deposition is an isotherm of surface pressure 
as a function of the monolayer area A. It can also be present as an isotherm of the surface pressure
as a function of area per molecule, AM defined as
𝐴

𝐴𝑀 = 𝑁

𝑀

(2)

where NM is the number of particles on the surface. A measured  vs A graph is shown in figure
3.4. From the observation of the shape of these  vs A graphs, we can identify several principal
monolayer phases with the following order with increasing area:
1) Gaseous phase, G: This is usually the phase observed during initial compression, large
areas and low pressures. In this phase, the nanoparticles are widely separated and are
under independent motion in similar fashion to a 2-D gas, with an equation of state of:
𝛱𝐴 = 𝑁𝑀 𝑘𝐵 𝑇

(3)

where kB is the Boltzmann constant and T is the temperature. Precision measurements
of the G phase require high sensitivity equipment, unavailable in this experiment.
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For SNSs of radius of 125 nm, for example, the monolayer area is ~50,000 nm2, which
using equation, leads to  = 8 x 10-5 mN/m which is way below the sensitivity of 0.1
mN/m for the NIMA trough.
2) Liquid-expanded phase, Le: A phase formed by molecules with some kind of
impediment to packing and/or chain interactions. It’s equation of state is similar to the
van der Waals equation for gases. This phase is not observed for SNS as there is no
ligand no coating in the SNS that could allow for this effect to be observed.
3) Liquid condensed, Lc: This isotherm shows a linear increase in the , the first sign the
nanoparticles transitioning to a solid phase of self-assembled monolayer. SNSs are
colliding with each other, mostly packing in rectangular form. The slope of the increase
is much smaller than the solid phase. It is controversial, as some models suggest that
it’s actually just an extension of the solid phase.
4) Super liquid, LS: Expansion of the solid phase. Indicates particles are moving from a
rectangular to a hexagonal, self-assembled state, shown by an increase in the slope
relative to the LC phase.
5) Solid Phase, S: Characterized by a very steep linear isotherm, at low area, which
indicates low compressibility of the monolayer. In this phase the SNSs are selfassembled in a hexagonal closed packed form. At this  (between 25-40 mN/m) all
monolayers are collected on the substrate.
For this experiment, Silicon (Si) substrates were cut into rectangles (1cm x 1cm x 1 mm)
and cleaned by ultra-sonication using acetone, methanol and deionized water (DI) for 10 minutes
on each solvent. SNSs with diameters of 3600 nm, 1180 nm, 850nm, 500 nm, 250 nm and 150
nm (purchased from Cospheric LLC) were used in this study. The monolayers of the nano-
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spheres were formed on silicon substrates by using a LB apparatus (NIMA Trough
611M/2B/CAB). DI water was used as the suspension liquid, and Wilhelmy plate method was
used to measure surface pressure. Solutions were prepared with a SNS concentration of 10% by
weight in a 3:1 solution of ethanol and chloroform.
Figures 3.5 through 3.7 show the  vs A isotherms for all SNSs diameters performed using
LB technique, along with top-view SEM images of the LB deposited monolayers of silica
nanospheres on silicon substrates. The SNSs were deposited at a substrate temperature of 20 0C.
Monolayers displayed the transition from a 2-dimensional gaseous phase to liquid then to a solid
condensed phase characterized by an increase in surface pressure, followed by monolayer collapse
at higher pressures. All isotherm curves showed all 3 phases with monolayer compression in DI
water-air interface.
Table 3.3. shows relevant phase information for each of the SNSs monolayers grown using
LB. This result is in agreement with other reports on monolayers of SNS84 of similar size. In the
gas phase, the SNSs are randomly dispersed in the DI water. Ordered arrangement starts to occur
in the solid phase. Monolayer formation is heavily dependent on phase and pressure where the
substrate is withdrawn from the trough. Substrates were removed during the solid phase and at
pressures between (35-40 mN/m) to improve substrate coverage and reduce imperfections in the
hcp array. At low pressures (10-30 mN/m), most of the samples were in the liquid phase, which
promoted the formation of interstitials and line defects leading to detrimental effect on final
template result. Templates formed at higher surface pressure (>35 mN/m) produced the hcp
templates with the least defects.
Monolayers showed SNS hcp crystals that varied in size, with line defects separating each
crystal. The interstitials occurred usually at the ends of the geometric junctures. Some stacking
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near interstitials were also observed. This was expected due to the relative high pressure the
samples were grown at. This was particularly the case for monolayers of the smaller SNSs, 125

Table 3.3. Phase transition area and phase ranges for different diameter SNSs.
2-D

3800 nm

1180 nm

800 nm

500 nm

250 nm

160 nm

Phase

(cm2)

(cm2)

(cm2)

(cm2)

(cm2)

(cm2)

Gas

< 190

< 140

< 85

< 150

< 95

< 145

Liquid

50-190

65-140

40-85

75-150

50-95

145-65

Solid

> 50

> 65

> 40

> 75

> 50

> 65

and 250 nm radius. Even though the monolayers of these sizes showed interstitials, there was a
higher concentration of hcp crystals and the crystals covered a large area of the substrate.
3.3.3. Optimization of Monolayer Coverage Area by Surface Pressure for Monolayer
Withdrawal
Optimization of monolayer coverage area was performed for different surface pressures
(’s) to determine at which pressure the substrate was completely covered by a hexagonal closed
packed monolayer of SNS’s. All substrates were silicon and cleaned by the same the same method
as described in section 3.3.1. The withdrawal of the substrates at specific ’s was determined via
observation of the initial compression isotherm for each SNS diameter, and the corresponding
phase at that pressure. Substrate withdrawals were performed in the pressure ranges between (1545 mN/m) and at a speed of 10 mm/min. Barrier compressions were kept the same at 50 cm/min.
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Figures 3.9 through 3.14 show SEM images of the monolayers on silicon substrates
withdrawn at the specified . Initially, at  <25 mN/m, there appears to be little or no selfassembly of SNSs implying that the monolayer on the trough it’s still in the liquid phase. Some
isolated self-assembly regions are observed for some sizes, but overall, there is no consistent
monolayer substrate coverage at those pressures, as can be observed.
At different pressures, different types of defects are observed on the monolayer. The types
of defects are voids, linear defects and compression ejections. Figure 3.9 shows the types of defects
in a monolayer. At pressures between 25-35 mN/m, substrates start to be covered, but lack of
compression leads to inefficient hcp packing of SNSs. At these pressures, the main observed
defects are line defects or lack of sphere packing, as there is incomplete SNS self-assembly. This
suddenly changes for most monolayers withdrawn at 35 mN/m.
For monolayers withdrawn at pressures of 35 mN/m, the monolayer coating achieved
complete substrate coverage and hcp packing on the substrate. The formation of clearly defined
and sharp hcp crystals was observed for substrates withdrawn at this pressure. In general, the most
common defect observed on these substrates were voids. In the case of withdrawals performed at

 > 45 mN/m, coatings show a larger number of voids and free floating SNSs on the top of the
monolayer. This is a consequence of monolayer compression breaking, where the monolayer just
breaks under the pressure of the barrier.

3.4 Conclusion.

Using Langmuir Blodgett dip coating, monolayers of varying diameters of SNSs (3800,
1200, 850, 500, 250 and 160 nm) were successfully constructed, via a solution of 10% SNS by
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weight on a 3:1 ethanol to chloroform solvent ratio. For initial preparation of SNS monolayers, a
size distribution of the SNSs was measured between 6.1% and 17.1% relative their measured size
using DLS and it showed no real effect on monolayer quality. Monolayers of all size SNSs were
able to be performed and the process optimized for monolayer quality.
Isotherms of the SNSs dropped in the water-air interface of an LB trough were recorded
and measured using the Wilhelmy plate method to obtain an optimal surface tension of 25-35
mN/m for SNS self-assembly on silicon substrates. SNSs self-assembled into hexagonal closed
packed (hcp) crystals and defects on the self-assembled nanoparticle lattice were found to be
dependent on surface tension.
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a)

b)

c)

Figure 3.1. Plots of the intensity as a function of the SNS diameter as
given by DLS for diameters of a) 3800 nm, b) 1100 nm and c) 850 nm.
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a)

b)

c)

Figure 3.2. Plots of the intensity as a function of the SNS diameter as
given by DLS for diameters of a) 500 nm, b) 250 nm and c) 150 nm.
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Figure 3.3. Plot of the volume of Chloroform/Ethanol/SNS solution
added per deposition as a function of SNS diameter.
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Figure 3.5.  vs A isotherms and SEM top-view of monolayers deposited on silicon
substrates for SNSs of a) 1180 nm and b) 3600 nm. Inlet on isotherm shows isotherm
for deposition of shown monolayer.
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Figure 3.6.  vs A isotherms and SEM top-view of monolayers deposited on silicon
substrates for SNSs of a) 500 nm and b) 800 nm. Inlet on isotherm shows isotherm for
deposition of shown monolayer.
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Figure 3.7.  vs A isotherms and SEM top-view of monolayers deposited on
silicon substrates for SNSs of a) 160 nm and b) 250 nm. Inlet on isotherm
shows isotherm for deposition of shown monolayer.
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Figure 3.8. Identification of types of defects in a monolayer.
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a)

b)

c)

Figure 3.9. SEM images of monolayers of SNS 3800 diameter grown at different
surface tensions, a) 15 mN/m, b) 25 mN/m, and c) 35 mN/m
a)

b)

c)

Figure 3.10. SEM images of monolayers of SNS 1180 diameter grown at different
surface tensions, a) 25 mN/m, b) 35 mN/m, and c) 40 mN/m
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a)

b)

c)

Figure 3.11. SEM images of monolayers of SNS 850 diameter grown at different
surface tensions, a) 20 mN/m, b) 25 mN/m, and c) 35 mN/m
a)

b)

c)

Figure 3.12. SEM images of monolayers of SNS 500 diameter grown at different
surface tensions, a) 20 mN/m, b) 30 mN/m, and c) 35 mN/m
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a)

b)

c)

Figure 3.13. SEM images of monolayers of SNS 150 diameter grown at different
surface tensions, a) 20 mN/m, b) 35 mN/m, and c) 40 mN/m
a)

b)

c)

Figure 3.14. SEM images of monolayers of SNS 250 diameter grown at different
surface tensions, a) 20 mN/m, b) 25 mN/m, and c) 35 mN/m
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Chapter Four:
Pulsed Laser Deposition and Glancing Angle Pulsed Laser Deposition of Zinc Oxide and
Lead Zirconium Titanate Oxide
This chapter describes the growth and characterization of Zinc oxide (ZnO) nanostructured thin films and Lead Zirconium Titanate Oxide (PZT) grown using Pulsed Laser
Deposition (PLD) and Glancing Angle Pulsed Laser Deposition (GAPLD). In this study, ZnO
was grown under different conditions to optimize its growth at the wurtzite structure in both PLD
and GAPLD. For GAPLD growth of ZnO a variation of the glancing angle was studied to
determine optimal glancing angle and for distinct nanostructure formation. In the GAPLD set-up
describes in chapter 2, the angles were varied by 2.50, 50, 100 and 150 and the columnar
structures formed were characterized in relation to known theory. Columnar width and height
were measured using ImageJ and SEM. This result is of utmost importance for the work
performed in chapter 5. PZT was grown at different angles (2.50, 50, 100 and 150) under known
conditions for the growth of deformed perovskite phase using GAPLD to observe the growth of
PZT nanocolumnar structures. In all studies, silicon (Si) substrates were used.

4.1 Introduction.

Thin films of singular and complex oxides are one of the most researched and applied
branches in physics due to their mostly unlimited applications, as discussed in the introduction of
this dissertation. Research into the synthesis of these films is going through considerable
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advances in the areas of novel materials and reduction of dimensional features. To allow for the
advancement of the study of both these topics, PLD has emerged as a research versatile
technique. It allows stochiometric growth of thin films of complex materials and with the GLAD
adaptation, the growth of columnar structures. This chapter will explore the capability of PLD
and GAPLD capability to produce stochiometric nanocolumnar structures.

4.2 Pulsed Laser Deposition of Zinc Oxide Thin Films

The PLD set-up shown in Figure 2.1 was used for the growth ZnO thin films on Si
substrates. A 99.99% pure target was ablated using a Coherent KrF 248 nm wavelength UV laser.
ZnO films were grown at substrate temperatures of 450 0C, with a background O2 pressure (pO2)
of 150 mTorr, laser fluence of 2 J/cm2 and a laser pulse rate of 10 Hz. These parameters were
selected as previous literature has shown these are excellent conditions for the growth ZnO thin
films exhibiting the wurtzite structure discussed in chapter 1.5. Target to substrate distance was
maintained at 4 cm during deposition and deposition time was approximately 4 minutes (2500
laser pulses).
An X-ray diffraction study, shown in Figure 4.1a, of the ZnO target shows the
characteristics peaks of the ZnO wurtzite structure. These peaks were identified as the (100) crystal
plane at 2 = 32.80, (002) crystal plane at 2 = 34.50, the (101) crystal plane at 2 = 36.90, (102)
crystal plane at 2 = 48.50, (110) crystal plane at 2 = 57.80, (103) crystal plane at 2 = 63.00,
(200) crystal plane at 2 = 66.80, (112) crystal plane at 2 = 68.00, (201) crystal plane at 2 = 69.50
and the (004) crystal plane at 2 = 72.80. The ablation of this target will allow for the growth of
the wurtzite structure of ZnO on Si substrates.
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The XRD scan (in log scale) of the ZnO thin film grown using PLD is shown in Figure
4.2b. This scan showed peaks identified as the (002) crystal plane at 2 = 34.50 and the (004)
crystal plane at 2 = 72.80 of the ZnO wurtzite structure. No additional peaks aside from the
substrate peaks (at 2 = 61.80 and 2 = 69.30) were observed within the resolution of limits of the
instrument, indicating the formation of a single crystal film of ZnO.

4.3 Glancing Angle Pulsed Laser Deposition of Zinc Oxide

ZnO was grown on silicon substrates using the set-up described for GAPLD in chapter 2.
Films were grown at room temperature, background O2 pressure (pO2) of 150 mT and a fluence of
2 J/cm2. Substrates were maintained at a distance of 3 cm. In this experiment, the deposition angle
was maintained at  = 50 and a variation of the deposition time was performed to study the growth
of the ZnO structures from initial nucleation. The growth rate was controlled via the amount of
laser pulses, with a pulse rate of 10 Hz (pulses per second). Pulses were varied from 2000 to 8000
pulses and the samples observed via SEM and crossectional SEM.
Figure 4.3 shows top-view and crossectional SEM images of GAPLD deposited ZnO films.
Top-view images show the random formation of columnar structures on the substrate. From
crossectional SEM, it’s observed that initially, the material forms as regular structures and while
the deposition progresses, initially nucleated grains shadow regions around them, allowing for the
formation of angled columns, which eventually cover the whole substrate.
4.3.1 Growth of ZnO Nanocolumns at Different Angles using GAPLD.
ZnO was grown on silicon substrates using the set-up described for GAPLD in chapter 2.
Films were grown at room temperature, background O2 pressure (pO2) of 150 mT and a fluence of
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2 J/cm2. Substrates were maintained at a distance of 3 cm. In this experiment, the deposition angle

 was changed from 2.50, 50, 100 and 150 with the deposition time keep steady at 13.3 minutes,
around 8000 laser pulses.
Top view SEM images (Figure 4.2 (a) and (b)) show the characteristic porosity expected
of GLAD deposited films. Films are porous with clearly defined, non-spatially ordered and nanocolumns structures whose width is even in the observed areas of the film. The width is correlated
to the low deposition temperature (room temperature) which is the expected outcome, as this lies
way below the temperature threshold for ZnO. As shown, the ZnO columns track the direction of
the incident plume.
Cross-sectional SEM images (Figure 4.2 (c) and (d)) show columnar slating angle  and
allow for the measurement of the columnar slating angle as a function of the deposition angle. The
relationship is presented in Figure 3. Comparison of the result with the theoretical value calculated
using the “tangent rule” shows a clear divergence in magnitude but the columnar slating appears
to follow the pattern. As has been discussed by Jayasinghe85, most models ignore any factor aside
from geometry to study these systems which get considerably more complex with the addition of
diffusion and material independent properties.
4.3.2 Structural Study of Angled ZnO Nanocolumns
Analysis of the XRD pattern of nanocolumnar films grown at different GLAD angles
show the formation of ZnO wurtzite structure. The peaks identified are the (100), (002), (101)
and the (102) of wurtzite structure with varying degrees of relative intensity as a function of the
angle. More glancing angles tend to favor the (100) and at higher angles there occurs shift
towards the (101) crystal plane. Samples grown at all angles show peak representing the c-axis
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(002) orientation but the intensities of the other (100) and (101) peaks relative the (002) are
minimized at  = 50.
4.3.3 Effect of Substrate Rotation during Deposition of ZnO using GAPLD
As has been previously discussed, the ballistic shadowing effect of GLAD and GAPLD
result in the formation of slated columns. Variations in the morphology of the nanostructured films
can be done via other deposition conditions. This study will focus on the effect of substrate rotation
during room temperature deposition of ZnO to explore the formation of sculptured thin films
prepared via GAPLD. Sculptured films done by azimuthal 1800 turning have been shown to form
“zig-zag” structures86, thickness varying nanostructures by azimuthal and polar movements87 and
but rotated GLAD deposited films88 are known to lead to vertical columns. The additional
parameter that needs to be accounted for in the case of rotated GLAD deposited films is the rate
of rotation as fast paced rotation hinders the formation of columns88 and slow rotation leads to the
formation of helixes and spirals89. Since GAPLD is a technique in which deposition is controlled
via a discreet amount of laser pulses ablating a target, another important parameter is the laser
pulse rate.
In this experiment, Si substrates were rotated at a rate of 1 revolution every 6.67 minutes
with a stepper motor of 200 steps using a frequency of 0.5 Hz per step. Laser pulse rate was kept
at a constant 10 Hz (10 pulses per second) leading to 20 pulses at each step. To isolate the effect
of microstructure formation the temperature threshold was kept smaller than 1/50. ZnO films were
grown using a 99.99% pure target ambient O2 pressure (pO2) of 150 mTorr, and laser fluence of
2 J/cm2. Depositions were performed at 2000 shots (3.33 minutes or ½ revolution), 4000 shots
(6.66 minutes or 1 revolution), 6000 shots (10 minutes or 3/2 revolutions) and 8000 shots (13.33
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minutes or 2 revolutions) to study nanostructured film thickness and the growth progression of
columnar structures forming.
As was the case for non-rotated substrate depositions, the films are observed to be porous
but the columns are clearly vertical, an effect easily comparable to the plume direction tracking
for slanted columns. Substrate rotation leads to separated but randomly nanocolumns. Columnar
height and aspect ratios are shown in table 1, with the columnar width measured to be 118 nm. The
columnar width remained constant within the uncertainty of the instrument and the height
increased with deposition time.

Table 4.1. Height of ZnO Nanocolumns as a function of the laser shots.
Laser Shots

2000

4000

6000

800

h (nm)

63  17

145  21

211  11

275  15

4.4 Growth of Lead Zirconium Titanate Oxide Nanocolumns using Glancing Angle Pulsed
Laser Deposition

As discussed in section 4.1, PZT has been extensively studied due to its piezoelectric and
ferroelectric properties. Of much interest is the growth of these perovskite structures in
nanocolumnar form with intent to use lattice strain and/or defects to enhance their multiferroic
properties90. PVD techniques using GLAD are known to reliably produce nanostructured thin
films but there is a lack of reliable empirical formulas for the nanocolumnar slating, or tilt angle
, as a function of the zenithal deposition angle  with these techniques. The “tangent rule”
tan 𝛼 = 𝐸 tan 𝛽
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is known to provide good estimations for angles  < 600 but fails for bigger angles91
PZT was grown using GAPLD with the set-up discussed in section 2.5. Silicon substrates
were cut into 1 cm x 1 cm squares and cleaned via ultrasonication with acetone, methanol and DI
water for 10 minutes in each solvent. The surface of a stoichiometric PZT (PbZr0.52Ti0.48O3)
target was polished before deposition and studied using EDS to confirm the ratio of Zr 52% / Ti
48% target. Ambient O2 pressure during deposition was 500 mTorr, substrate temperature was
maintained at 450 0C and the laser fluence was measured to be 3 J/cm2. Laser pulses were
maintained at 10 pulses/second during the 13.3 minutes deposition and the substrate was not
rotated. The high ambient O2 pressure lead to high columnity of the ablated plume, one of the
main advantages of PLD. This in turn favors the formation of columnar structures in GAPLD.
The target to substrate distance was kept at 3 cm and the glancing angle was varied at 2.50, 50,
100 and 150.
4.4.1 Surface and Columnar Morphology of PZT Nanocolumns grown using
GAPLD
Figure 4.6 shows cross-sectional SEM images of the PZT columnar material formed on
Si substrates. Slanted columnar structures are observed for depositions at all angles with the
slanting being a function of the deposition angle, with columns being more slanted at bigger
glancing angles. In addition, dominant taller columns appear to be forming which have
shadowed other columns around them and stunted the growth of their neighbors.
SEM observations show that columns appear distinct and isolated, even with the high
mobility of the ad-particles due to diffusion via the high temperature of PZT deposition (450 0C),
which is close to the 0.3 temperature threshold of the SZM framework. The GLAD deposited
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films columnar structure is best observed for low temperature deposition, however stochiometric
crystalline growth of PZT films require high temperatures.
Table 4.2 shows the measured values for the width wc and vertical height hv of the PZT
columns grown using the GAPLD set-up at the above described conditions. There is no pattern
observed for the hv as a function of the angle although several factors could be affecting this
result. At the sharpest angle (2.50) hv is expected to have the highest hc, but the opposite effect
was observed. In this case, the smallest value hv = 204 nm is measured which can be explained
by the initial incident material bouncing off the substrate, an effect that will hinder initial
nucleation. The degree to this can hinder material growth was not quantified in this study. This
effect could be expected to depend on incidence angle as all measured values for hc are higher
for deposition angles larger than 2.50.

Table 4.2. Columnar width and vertical height of PZT nanocolumns grown at different angles.
2.50

50

100

150

wc (nm)

84  9

78 7

90  8

93  11

hv (nm)

204

399

337

242

The columnar tilt angle  with respect to the zenithal deposition angle was measured to
observe the correlation between these two quantities. It is observed that the material does not
directly correlate as predicted by the tangent rule at this glancing incidence angles. Measurement
of the columnar tilt angle show a decrease of the columnar tilt angle with increasing incident angle.
This experiment was performed as previously discussed above the 0.33 temperature threshold for
PZT to allow for sticking of the PZT to the substrate.
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GLAD deposition on heated substrates will lead to an increase in ad-atom mobility.
Dominance of shadowing effect in controlling the film growth is partially reduced by diffusion of
ad-atoms to the geometrical “shadowed” regions. This will affect the tilt angle and has been
discussed by Nadhokin92. A proposed mechanism to account for this phenomena has been a
surface trapping effect93, in which the evaporated PZT atoms arriving at the surface deviate from
their route due to some short range interaction. In addition, most growth models for GLAD appear
to be material dependent and complex oxides are difficult materials to be grown stoichiometrically.
Presence of energetic species in PLD can result enhanced diffusion leading to randomization of
columnar structures.
4.4.2 Chemical Composition of PZT Nanocolumnar Films Grown using GAPLD
Chemical composition of PZT nanocolumns grown using GAPLD was investigated by
EDS. All spectra were acquired at 15kV of Accelerating Voltage and a magnification of 30 kX.
Figure 8 shows the chemical composition of the PZT nanostructured films as a function of
deposition angle. The composition of Zirconium (Zr) and Titanium (Ti) are observed to track in
opposite manner and while the amount of lead (Pb) decreases but then reaches high levels at higher
angles. It is known that at higher O2 pressures atomic % of Pb in PZT films grown using regular
PLD on Si substrates increases at low angles, the ratios stays similar to those of PLD grown films,
keeping the similar ratios of Zr and Ti61. At the 150 of incidence there appears to be a relative
overabundance of Pb with the Zr increasing slightly.
4.4.3. Structural Study of PZT Nanocolumns Grown using GAPLD
Figure 9 shows XRD scans of PZT films deposited using KrF fluence of 3 J/cm2 at different
angles in SI substrates. The films are observed to show a preferential orientation with the (200)
peaks of the tetragonal PZT structure with peaks from secondary phase formation observed
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including (210) at 49.40. From Figure 8 it can be observed that at higher angles peaks at 31.50
identified to be (110) are observed and there appears to be a considerable broadening of the (200)
peak for the film deposited at 150. This is related to the increase in lead and implies an increase in
the strain of the material.

4.5 Conclusion

ZnO nanocolumns were grown using GAPLD on Si substrates. The ZnO nanocolumns
grown at varying angles, under the same ambient conditions for temperature and O2 pressure, were
measured to be polycrystalline with a preferred orientation on the (002) c-axis of the wurtzite
structure for ZnO for angles above 50. At 50 the highest relative peak for the (002) was observed.
The ZnO nanocolumns were observed to be slanted and their angles were measured to be
proportional to the deposition angle of incidence. The columnar angle did not follow follow
theoretical models (tangent rule) which is consistent with other publications which show a failure
of the tangent rule for incidence angles above 600.
Similar experiments for PZT nanocolumns grown using GAPLD, show a preferred
orientation to the (200) crystal plane of the perovskite structure for columns grown at 100 of
incidence. Morphological studies showed that the slanting angle of PZT nano-columns, as in ZnO,
did not follow the tangent and but in the case of PZT it was observed that at steeper deposition
angles, the columns did not appear to as much as for lower incidence angles. This indicates that
the complex stochiometric ratio of Pb, Zr, Ti and O on the PZT molecules, might have an effect
on the initial nucleation of material leading to the material not nucleating. In addition, the
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sputtering of material from the highly energetic deposition (3 J/cm2) is theorized to case bouncing
of material from the substrate, not permitting sticking of the material.
To complete this section, ZnO nanocolumns were grown using GAPLD using a substrate
rotation system at rate of 1 revolution/ 6.6 minutes. This allowed for an averaging of the shadowing
effect and material was observed to grow via substrate rotation at a glancing incidence angle of 50
to grow ZnO vertical columns. No slanting was observed in the columns and they grew separate
from each other.
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Figure 4.1. Top view SEM image of a PLD deposited ZnO thin film. a) XRD scan of
the ZnO target. b) XRD -2 scan of a PLD deposition ZnO thin film. (*) indicates
substrate peaks. Silicon (Si) substrate peak is observed at 2 = 69.50.
80





Figure 4.2. Deposition angle  and column tilt angle .
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Figure 4.3. Top-view (a)-(b) and cross-sectional (c)-(d) SEM images of ZnO
nanocolumns grown using GAPLD. Arrows show direction of plume.
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Figure 4.4. Column tilt angle as a function of the deposition angle.
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Figure 4.5. XRD -2 scans of GAPLD deposited ZnO nanostructures films
grown at different angles . (*) indicates substrate peaks.
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Figure 4.6. Top view SEM image of ZnO nanocolumns grown using GAPLD.
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Figure 4.7. Cross-sectional SEM images of PZT grown at different angles using
GAPLD. Images for a) 2.50 b) 50 c) 100 and d) 150
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Figure 4.8. Top view SEM image of PZT grown at 50 using GAPLD illustrating the
columnar structures. Bottom shows the relationship between the columnar tilt angle
and the incident angle.
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using GAPLD at different incidence angles measured using EDS analysis.
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Chapter Five:
Nucleation of Zinc Oxide Nanocolumns using Glancing Angle Pulsed Laser Deposition on
Silica Nanosphere Monolayer Templates
This chapter will describe growth and characterization of Zinc Oxide (ZnO) Nanocolumns
on the top surface of SNS monolayers via Glancing Angle Pulsed Laser Deposition. (GAPLD).
Monolayers of SNSs with diameters of 3500 nm, 1800 nm, 850 nm, 500 nm, 250 nm and 150 nm
were used as nucleation sites. Monolayers were annealed at 500 0C before being introduced into
the chamber for GAPLD. Depositions were performed under conditions favorable to the growth
of the ZnO wurtzite structure. XRD was used for the study of the crystallinity of the ZnO
nanocolumns grown on monolayers of SNS of different sizes and the effect of curvature,
temperature and ambient O2 pressure. SEM was used to study the surface morphology of the
columns grown on the SNS and to verify the columnar dimensions (height and width). Images
from SEM were then used to study the columnar width of NCs grown on the SNSs.

5.1. Introduction

PLD is a non-equilibrium thin film growth technique due to the ionization of the atoms on
the surface of the target and the kinetic energy of the incoming material flux. This non-equilibrium
phenomenon are important factors in the nucleation of and growth of the thin film. Nucleation can
only occur when the nucleus size r is equal or greater than the critical radius r0. A nucleated cluster
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that is smaller than the r0 is unstable and will it will shrink in size until it disappears. Only
nucleated clusters with size larger than r0 can stay together and grow larger in size.
Under ideal substrate surfaces two kinetic process control thin film nucleation, ablated
material impinging on to the surface of the substrate and the sputtering off some substrate surface
atoms. The arriving atoms can either diffuse over the substrate and encounter other atoms forming
clusters or islands. They can also be re-evaporated, from an island or from a cluster. Affecting
these processes are the nucleation rate and substrate temperature which can lead to the three growth
modes:
1. Island mode – In this mode growth occurs as a consequence of the bond between the
atoms of the cluster are stronger than their binding force to the substrate, leading to
mostly separated clusters of ablated material.
2. Layer by layer mode – This mode is the opposite of the island mode. The bonding
between the initially nucleated atoms and the substrate is bigger than the atomic binding
energy, hence the ablated material arranges itself as layer on top of layer.
3. Layer plus island mode – In this mode, after initial layer by layer growth a transition
occurs at what is called a critical layer thickness in which the atomic bonding begins
to dominate the substrate bonding energy.
These growth modes consider only substrate temperature and lattice distances as the only
relevant parameters in reference to underlying material. Very little discussion has been made on
the resulting effect of growth on curved surfaces in the nucleation of ablated materials. This
phenomena is not yet understood for curved surfaces, and its indeed fairly used in engineering of
liquid crystals94,95 which leads to an area of possible application of self-assembly of colloidal
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structures. In Chapter 4, columnar structures were grown using GAPLD and in this chapter we
will evaluate the effect of a curved surface as a substrate on the nucleation of ZnO nanostructures.

5.2 GAPLD of ZnO on SNS Monolayer Templates

ZnO was deposited on the SNS monolayer template by ablating a rotating 99.99% ZnO
compact powder target at a frequency of 30 rev/min using a KrF laser (wavelength = 248nm,
pulse width 20 ns), at a pulse rate of 10 Hz. The HV system operates at a base pressure of ~ 10-7
Torr. The ambient O2 gas was added after the base pressure was reached in room temperature
studies or added after heating and maintained during deposition, and ramp down in temperature,
until the substrate reached ~100 0C. In order to investigate structural variation with deposition
pressure, depositions were carried out for background oxygen pressures of 10, 50, 150, 300 and
500mT. Substrate rotation is controlled by a stepper motor with steps of 1.8 0/step where the step
frequency was controlled by a TTL pulse. To achieve the glancing angle incidence condition, the
substrate was mounted with its face parallel to the axis of the plume, and then tilted 50 from the
axis to introduce the glancing angle. The vertical distance between the target and substrate was 3
cm. The substrate was rotated two times at a frequency of 0.5 Hz with a deposition time of 400
s/rev = 800s, to allow averaging out of substrate coverage. Schematics of the deposition process
are discussed in chapter 2.5
Figures 5.1 and 5.2 show top and cross-sectional SEM images, respectively, of
ZnO/SNSs templates with different SNSs radius that were grown at 150mT of O2 ambient
pressure. For these films the depositions lasted 13.3 minutes (8000 shots) at room temperature.
The SEM images of the ZnO films grown on the template show that the films were also confined
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to the hcp layout defined by the SNS template. Runover (growth in between spheres) starts to
occur but only sparingly and in only in random fashion for smaller diameter SNSs. After
GAPLD, each hcp crystal of the underlying monolayer was preserved. In addition to this, crosssectional SEM shows nucleated columns are discreet and separate from each other, confirming
the formation of nanocolumns.
The main observed difference in each of the templates, with differing sphere size, is the
density of nucleation sites of ZnO nanocolumnar material on the surface of each sphere. For
larger SNSs template diameters, the nanocolumnar material appears to nucleate randomly on the
top surface of each sphere and the conglomeration of these structures form the hexagonal shape.
On templates of smaller SNS diameter, the growth area relative to nanocolumnar material starts
to decrease and there are considerable fewer grains in each sphere. Not only does the number of
nanocolumnar material appears to decrease, nanocolumnar dimensions relative to SNS diameter
decreases.
A pattern observed involving the nucleation of ZnO on the template is the apparent
randomness of growth location observed in larger diameter SNS templates is reduced with
underlying SNS diameter. A numerous amount of columnar structures was nucleated, and the
number of these columnar structures is also observed to decrease with SNS diameter, an effect
mostly noticeable with templates of 250nm SNSs. At this SNS template size, columns are
observed mostly at the highest spot in the sphere (the center), surrounded by other nucleation
sites. In some spheres, an hcp grain arrangement is also observed, demonstrating a hcp (columns)
inside an hcp (spheres) pattern. The inconsistencies in the pattern could be due to the spheres not
laying completely flat on the surface of the substrate. In addition, the quality of the packing of
the SNSs on the monolayer has an effect on nucleated material spatial order.
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Nucleated material on top of the sphere will dominate growth. As discussed in chapter 4,
the shadowing effect of GAPLD is proportional to height of the first nucleated material. This will
create regions of shadowing around them. The addition of the monolayer just enhances this
effect by adding an “initial nucleation”, which is related to the height of the spheres. This is
shown in figure. Due to the geometry of the spheres, the shadowing effect is enhanced.
The rotation of the target sphere will expose it’s top to the ablated plume through the
deposition. This will cause an additional term to the shadowing effect as nucleated columnar
material will be competing with surrounding nucleation sites get shadowed from certain
directions, except the top one.
5.2.1 XRD study of ZnO grown on SNS Monolayers
Figure 5.3 shows the XRD pattern of ZnO grown on the SNS monolayers of different sizes
with intensities shown in the log scale to exaggerate differences. The XRD investigations of the
films showed preferential growth along the z-axis (vertical) orientation of the wurtize structure of
ZnO in all samples. In templates of SNSs of 3.5, 1.18 micron and 850nm diameter SNSs,
polycrystalline peaks were observed. The predominant peak is at a 2θ of around 34.50 which is
identified as the (002) peak of the ZnO wurtzite structure. The other peaks observed are at 31.50,
35.50 and 56.50 which are identified as (100), (101) and (110) orientations, respectively. The
relative intensities (to the (002) peak) of the other crystal orientation peaks started to decrease with
decreasing SNS diameter. Only the (002) peak at 34.50 was detected for sphere radii below 250
nm, indicating growth of the ZnO in the z-direction of the wurtzite structure.
This section of the experiment was performed at room temperature. No thin films of ZnO
(either GLAD o PLD) performed at room temperature during the experiment achieved such a
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degree of crystallinity as the ones grown with the 250nm SNSs as nucleation sites for the ZnO.
This is an indication that the columns grown on the 250nm SNS were crystalline.
5.2.2 Study of ZnO Nanocolumn Dimensions using ImageJ
From section 5.2 it was discussed that there appears to be a decrease with the number of
ZnO columns on each sphere proportional to sphere size. In addition, a study is warranted to
quantify the patterns in nanocolumn dimensions. SEM and ImageJ were used to measure
columnar dimensions and count the number of columns per each sphere.
ImageJ is a Java based image processing program with the capability to display, edit,
analyze and processes color or grayscale images in different file formats. From a picture, ImageJ
can calculate the area and pixel value statistics (including distances, histograms and line profile
plots) of an user-defined selection. In this study SEM images from the top of SNSs were
obtained in the .JPEG format and used to quantify the number of columns (m) on top of SNSs
and the width of each column (rc = width/2 ). Heights were recorded using the SEM ruler tool.
The method used to analyze the data was as follows.
1. SEM images were obtained of SNSs of different sizes after GAPLD deposition.
2. ImageJ gives information on the selected contrasted regions and counts the number of
areas by considering the different contrast in a selected region, giving a table of the
number and the area of each region.
3. The number of areas and the magnitude of areas is compared to what is observed to
be a column in SEM.
4. The columnar width is calculated via the formula for the area of a circle
𝐴 = 𝜋𝑟𝑐2
5. The result for the rc is verified with the result of a measurement of the SEM.
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6. For the number m, imageJ counts and the column is verified via SEM.
Standard deviation was obtained by measuring the result for 10-20 columns and
averaging the results for each. Figure 4 shows an image detailing the method explained above for
the case of GAPLD of ZnO on 850 nm diameter SNSs. Table 2 shows the results of
measurements for columnar width (rc), columnar height (h) and the average number of columns
per sphere (m) for deposition performed at 150 mT of ambient O2 pressure, deposition time of
13.33 minutes, fluence of 2 J/cm2, substrate rotation frequency of 0.5 Hz and laser pulses rate of
10 Hz. The substrates rotation parameters translate to two revolutions for the entire deposition.
Table 5.1 shows results for measurements of columnar dimensions using ImageJ and SEM.

Table 5.1. Measurement for columnar properties.
SNS Radius

1900 nm

590 nm

425 nm

250 nm

125 nm

rc (nm)

58.5  11

53.5  10.5

47  10

33  8.5

21.5  4.5

h (nm)

268  35

321  21

399  16

452  10

525  10

m

175  18

50  15

31  6

22  4.5

8  1.5

Simulations45 show that, under the same growth conditions, the columnar radius ( rc
=wc/2) of the nucleated material decreases with increasing curvature (1/R) until saturation at a
nucleation radius of a flat surface at the rate of
𝒓𝒄 = 𝑹 𝒕𝒂𝒏−𝟏

𝑹𝟎
𝑹

(2)

where R is the radius of curvature (the SNS radius) and R0 is critical radius of nucleation for a
flat surface. This phenomenon is observed in figure 5.4, with an experimentally measured critical
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radius of nucleation at R0 = 60.8 nm. This occurs for curvatures larger than R=1750 nm and
shows a steep decline for curvatures bigger than (1/590nm). As Gomez suggest, this a geometric
effect and in similar fashion to GLAD it’s a method only affected by the geometry and ad-adtom
diffusion. This experiment was performed at room temperature, limiting any diffusion and grain
fusion.
The number of columns m in each sphere was found to be directly proportional to the
radius of the underlying dimension as shown in Figure 6a. The fit of the line is
𝑚 = 𝑐(𝑅 − 𝑅𝑚𝑖𝑛 )

(3)

with the fit constants of c= 0.1 nm-1 and Rmin = 69.4 nm. The Rmin can be defined as the cutoff
value SNS radius for which the nucleation process can start on the surface of a SNS for ZnO
under this method. Using the fit, it was then possible to extrapolate to the SNS radius for 1 single
column on a SNS and it was found to be R1 ~ 79.1 nm, or which leads to a SNS diameter of ~160
nm. This phenomenon will be explored in section 5.3.3, where SNSs of 160 nm diameter will be
used with the purpose of nucleating a single column per sphere.
By the combination of equations 2 and 3, we can define a quantity called the columnar
density c which represents the number of columns per unit of SNS surface area Ac:
𝑚

𝑚

𝑐

𝜌𝑐 = 𝐴 = 𝑘𝜋𝑅2 = 𝑘𝜋𝑅 −
𝑠

𝑐𝑅𝑚𝑖𝑛
𝑘𝜋𝑅 2

(4)

The k is a trigonometric factor related to the reduction on the surface area of the sphere due to
the shadowing effect caused by the neighboring sphere. The model proposed by Zhou96 for
hemisphere shadowing in GLAD for the low diffusion case presents the idea that the shadowing
area by a hemisphere is proportional to a shadowing angle  defined as
 = cos −1(2 cos 𝛼 − 1) − 𝛼
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(5)

where  is the defined as  = 90 - . In this experiment, the glancing angle is taken to be  = 50
which leads to a shadowing angle of  = 660, which indicates that only 17% of the surface area
of the sphere is exposed. This result does not consider substrate rotation, implying that this result
is a minimum surface coverage area per sphere, without including any diffusion.
The surface area of a hemisphere of radius R is known to be 2R2 and but this problem is
fundamentally a problem of the surface area of a circular cap where the entire area is
encompassed making an angle of 1800, with a surface area of SA = kR2. In the general case of
the surface area of a spherical cap from a circle with radius R, the generalized factor k =
cos2()+(1-sin())2, where  is taken from the center of the circle to an axis parallel to the
substrate. The geometry of the SNS hcp arrangement, leads to a variation of that  as a function
of time, oscillating between 00 and 300. The plot of c vs SNS radius is shown in Figure 5.6b.
The best fit line of figure 6b shows that k = 0.56 which is indicative of the available area of
coverage is just around ¼ of the total surface area of the sphere, when ad-atom and plasma
diffusion are taken into account and the substrate rotation effect. This result agrees within reason
with the result presented by Zhou in46.
5.2.3 Growth of ZnO on 160nm Diameter SNS Monolayer Template
As discussed in section 5.2.2, the dimensions of the ZnO nanocolumns are a function of
the underlying SNS size. The same was found to be true for the number of columns per sphere
and an experimental linear relationship, equation 3, was obtained. From that linear result, an
extrapolation was performed to find the SNSs size to obtain a single column to grow under the
set conditions for section 5.2.2, leading to a single column found for SNSs of R1 ~ 79.1 nm, or a
SNS diameter of ~160 nm.
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Monolayers of SNSs of 160 nm diameter were constructed using LB and growth
parameters of monolayer was discussed in chapter 3. GAPLD of ZnO was performed with the
monolayer as substrate with the parameters for the growth of the wurtzite structure of ZnO using
GLAD as discussed (150mT of ambient O2 pressure, room temperature, 2 J/cm2 of fluence,
substrate rotation frequency of 0.5 Hz and laser pulse rate of 10 Hz ).
ZnO was grown using GAPLD for a deposition time of 6.67 minutes (1 substrate
revolution). As observed in the SEM, when GAPLD is performed on SNSs of 160nm even short
depositions lead to a loss of the hcp structure of the monolayer and the separation between
spheres was not observed. As discussed in section 5.2, the scattering of the plume seems to
overtake the shadowing effect of the hcp SNS monolayer, leading to material nucleating in
between SNSs.
Figure 5.7a shows the XRD pattern of the ZnO columns grown on the SNS 160 nm
diameter monolayer using GAPLD. In this scan, a single peak is observed at 34.410 in the -2
scan, with the peak being identified with the (002) direction of the ZnO wurtzite structure. As
discussed in section 5.2, a preferred orientation was observed for ZnO nanocolumns grown in
smaller SNS sizes. This result for SNSs of 160 nm diameter seems to bring more evidence to
that, as there appears to be no other peaks that can be distinguished in the scan.
Figure 5.7.b. shows crossectional SEM images of ZnO columnar structures grown on the
monolayer. The circles in red show a SNS. Vertical size of the columns was measured with the
SEM tool and found to be 423 nm. Columnar width was measured to be. As observed on the
image, ZnO columns are observed to nucleate on top of the spheres. These columns are vertical
and separated. Contrary to the previously discussed monolayers of different SNS sizes, plume
collisions and scattering do not allow the preservation of the hcp pattern of the monolayer, as
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material is nucleated in between the SNS sphere spacing. This is a possible explanation as to
why ZnO column were not observed to be grown isolated on top of each sphere.

5.3 Growth of ZnO on SNS Monolayer Templates at Different Temperatures.

As discussed in chapter 4, the optimal growth conditions for the wurtzite structure of
ZnO were found to be 150 mT of O2, a temperature of 500 0C and a laser fluence of 2 J/cm2.
These parameters served as initial starting points for the growth of ZnO nanocolumns on the
monolayer template. In the previous section, the overall result for room temperature studies
showed the formation of separate columns of ZnO on top of the SNSs. As discussed in (paper
discussing diffusion) diffusion, via temperature, plays a vital role in the shadowing effect and
nucleation in GLAD deposited films hence, this study will verify the effect of temperature on the
deposition of ZnO on the SNS monolayer. SNSs of 850 nm were initially used to verify the
effect and then the study moved to 3800 nm SNS and 250nm SNSs to verify the combination
effect of SNS diameter and temperature on the nucleated ZnO. All SNS monolayers were
constructed as discussed on chapter 3 and used as nucleation sites of the ZnO. From there ZnO
was ablated using GAPLD on the top surface of the SNS monolayer.
Figure 5.8 shows top view SEM images of ZnO grown on top of the monolayer at 150
mT of O2 pressure, at room temperature, 150 0C, 300 0C and at 500 0C. At low temperatures, the
nucleated material deposits itself on the top of the spheres as discussed in chapter 5.2 but
increases in temperature lead to the formation of sheet-like structures, similar to the ones
obtained by Hamzy and Zhao97,98.
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In this experiment, these sheet-like structures are developed during high temperature
(>150 0C) growth and eventually dominate the hcp structure of the SNS monolayer. At low
temperature, ZnO forms nano-columnar structures that appear to be vertical with smaller SNS
diameter. Not accounting for sphere radius, the same effect is observed for bigger diameter
SNSs. This effect is not observed for higher temperatures.
X-ray diffraction studies, Figure 5.10, show as discussed in the works of Hamzy and
Zhao show a change in the preferred orientation of the ZnO wurtzite structure peaks, in relation
to the (002) peak at 2 = 34.5 0C. At low temperatures, the (002) peak is dominant for all SNS
diameters, as shown in figure 5.3 of section 5.2.1. This is not the case for higher temperature
studies. For Zno grown on the monolayer templates of 3800, 850 and 250 nm diameter SNSs a
pattern was observed where the preferred orientation of the ZnO towards the (002) gave way to
an increase in the relative intensity for peaks at 2 = 31.80 identified with the (100) and the peaks
at 2 = 36.20 identified with the (101), both crystals planes of the ZnO wurtzite structure. It is
important to note that the (002) peaks is still observed in all samples, just it’s relative intensity
with respect to the other (100) and (101) is decreased. Additional peaks at 47.50 (102) and 56.50
(110) were also observed with increasing temperature.

5.4 Effect of Ambient O2 Pressure on the ZnO NCs grown on SNS Monolayers

The inclusion of an ambient gas during deposition of PLD and GAPLD films has the effect
of scattering and thermally changing the chemical and physical structure of the material plume,
which leads to a change in the film growth parameters. An increase in the ambient pressure will
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lead an increase in species collisions in the plume, sharpening of the plume boundary, and more
importantly, columinity or spatial confinement of the plume99.
In this experiment, monolayers of 850 nm, 500 nm and 250 nm diameter SNSs were
constructed using the LB method. ZnO was deposited using the GAPLD with the same parameters
as chapter 5.2. In order to study the effects of ambient gas pressure on the morphology of the ZnO
films grown on SNS monolayer templates, ZnO was deposited at room temperature and the partial
O2 pressure was varied inside the chamber. Ambient O2 pressure values were measured via a Kurt
J Lesker HPT100 and values of 10, 50, 150, 300 and 500 mT were observed during deposition.
Study was discontinued at partial pressures that exhibited loss of the hcp structure of the
monolayer, as this was indicative of the shadowing effect being hindered by the species collisions
in the plume.
Depositions carried out under increasing ambient O2 partial pressure showed an increase
in the height of the columnar material formed on top of the SNSs. Table 2 shows the columnar
height values measured via SEM at different ambient O2 pressures. Figure shows top view and
cross-sectional SEM images of samples grown under different O2 partial pressures. From crosssectional SEM we can directly observe that an increase in ambient pressure directly relates to an
increase of the ZnO columns. This can be explained by the increase in collisions of the ablated
material with the ambient oxygen, leading to the accumulation of more material on the SNS
monolayer template. This can also be observed due to the partial loss of hcp structure of the
monolayer, as material appears to start nucleating randomly not only on the surface of the SNSs,
but in the region in between spheres. As it’s understood, diffusion and the glancing angle are the
main parameters controlling ZnO nucleation during GLAD (and GAPLD), but the increased
collisions overwhelm the shadowing effect caused by the initial seed (SNSs) on the template. XRD
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studies were performed to verify the crystal structure of the ZnO grown on the SNS at different O2
partial pressures. As previously discussed, the crystallinity was dependent on SNS size for the
optimal conditions of growth for ZnO wurtzite structure. The XRD investigations of the films
showed preferential growth along the z-axis (vertical) orientation of the wurtize structure of ZnO
on samples grown at different O2 partial pressures, which is observed by the relative intensity of
the peaks.

Table 5.2. Columnar heights h for different diameter SNSs
O2 Partial Pressure

850 nm

500 nm

250 nm

(mT)

(nm)

(nm)

(nm)

10

170

255

300

50

210

378

440

150

399

450

525

300

525

1037

-

500

690

1105

-

XRD studies were performed to verify the crystal structure of the ZnO grown on the SNS
at different O2 partial pressures. As previously discussed, the crystallinity was dependent on SNS
size for the optimal conditions of growth for ZnO wurtzite structure. The XRD investigations of
the films showed preferential growth along the z-axis (vertical) orientation of the wurtize structure
of ZnO on samples grown at different O2 partial pressures, which is observed by the relative
intensity of the peaks. For 850nm diameter SNSs, polycrystalline peaks were observed with a
predominant peak at a 2θ of around 34.50 which is identified as the (002) peak of the ZnO wurtzite
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structure. The other peaks observed are at 31.50, 35.50 and 56.50 which are identified as (100),
(101) and (110) orientations, respectively. At low, O2 partial pressures the relative intensities were
small, showcasing the small amount of material deposited (observed in the small column size) but
after 50 mT, the polycrystalline peaks of ZnO start to appear and an optimal relative intensity of
the (002) peak, relative to the other ZnO peaks of the wurtzite structure, appears to dominate at
150 mT, which is expected.

5.5 SNS Monolayer Post-Deposition Cracking.

Affecting film quality was the loosening of the SNSs from the substrate after deposition.
Figure 5.22 shows an example of this phenomena. A factor to note of the LB deposition of the
SNS on the silicon substrates using LB was that the spheres had no chemical treatment that would
induce some sticking factor to the surface of the substrate. This meant that the SNSs on the
monolayers were free to separate themselves from the substrate under any strain. The only way to
maintain the SNSs attached to the substrate was to physically allow the SNSs to fuse to the
substrate without changing the surface properties of the SNSs.
The melting temperature of silica is known to be ~1700 0C. A method that would allow the
SNSs to stick to the surface of the Si was to anneal the monolayers at 800 0C for 2 hrs in air to
allow for the SNSs to physically adhere to the substrate. After annealing, monolayers of SNSs with
diameters of 3800, 1200, 850 and 500 nm were observed to stick to the Si substrate but SNSs of
smaller diameters were observed to change shape while under an SEM study. The deformation of
the SNSs when annealed at 800 0C for 2 hrs can be observed in Figure 5.23. At those high
temperatures, the SNSs of 250 and 160 nm appear to have fused into each other hence losing the
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hcp structure. To solve this problem, all SNSs were annealed at 500 0C which showed no damage
to any of the monolayers.
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a)

b)

c)

d)

Figure 5.1. SEM Images of ZnO/SNS templates. Sphere radii were
a) 1750 nm, b) 425 nm, c) 250 nm and d) 125 nm.
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1 µm

500 nm

200 nm

Figure 5.2. Cross-sectional SEM images of the SNS/ZnO templates. Silicon substrate,
spheres and zinc oxide nanocolumns are observed. Sphere radii a) 400 nm, b) 250 nm
c) 125 nm.
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(101)

(101)

(002)
(100)

Figure 5.3. X-Ray diffraction scan of SNS/ZnO templates of different radii.
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Figure 5.4. Example of ImageJ procedure to find columnar width and the
number of columns per SNS.
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Figure 5.5. Plot of the columnar radius rc vs SNS radius. Both relative the critical
radius for nucleation on a flat surface the flat surface.
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Figure 5.6. a) Plot of the average number of columns per sphere (m) vs SNS radius. b)
Plot of c vs SNS radius.
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Figure 5.7. a) XRD pattern of ZnO grown on 160nm diameter SNSs. b) Crosssectional SEM of ZnO columnar structures grown on 160 nm diameter SNSs.
Red circles show SNSs
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Figure 5.8. Top-view SEM images of ZnO NCs grown on 850 nm diameter SNS monolayer
using GLAD. Temperature was a) room temperature, b) 150 0C, c) 300 0C, and d) 500 0C
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a)

b)

c)

Figure 5.9. SEM images of ZnO NCs grown on SNS monolayers of different diameters at
500 0C. SNS diameter is a) 3800 nm, b) 850 nm and c) 250 nm.
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Figure 5.10. XRD scans of ZnO NCs grown on SNS monolayers at different
temperatures SNS diameter is a) 3800 nm b) 850 nm and, c) 250 nm.
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Figure 5.11. Plot of the aspect ratio (ZnO Nanocolumn height/SNS Diameter) for SNSs of
850 nm and 500 nm as a function of ambient O2 pressure.
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Figure 5.12. Top view SEM images of ZnO NCs grown on 500 diameter SNS monolayer
using GLAD. O2 pressures were a) 10mT, b) 150mT and c) 500 mT.
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a)

b)

c)

Figure 5.13. Topview SEM images of ZnO NCs grown on 850 diameter SNS monolayer
using GLAD. O2 pressures were a) 10 mT, b) 150 mT, and c) 500 mT
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Figure 5.14. Top view SEM images of ZnO NCs grown on 500 diameter SNS monolayer
using GLAD. O2 pressures were a) 10mT, b) 150mT mT and c) 500 mTorr.
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a)

b)

c)

d)

e)

Figure 5.15. Crosssectional SEM images of ZnO NCs grown on 500 nm diameter SNS
monolayer using GLAD. O2 pressures were a) 10mT, b) 50mT, c) 150 mT, d) 300 mT and
e) 500 mT.
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b)

c)
d)

e)

Figure 5.16. Crosssectional SEM images of ZnO NCs grown on 850 nm diameter SNS
monolayer using GLAD. O2 pressures were a) 10mT, b) 50mT, c) 150 mT, d) 300 mT and
e) 500 mT.
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Figure 5.17. XRD of ZnO grown on 850nm diameter SNSs at O2 pressures of a) 10mT, b)
50mT, c) 150 mT, d) 300 mT and e) 500 mT. Asterisk (*) are substrate peaks.
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Figure 5.18. XRD of ZnO grown on 500nm diameter SNSs at O2 pressures of
a) 10mT, b) 150mT, c) 300 mT and d) 500 mT. Asterisk (*) are substrate
peaks.
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Figure 5.19. XRD of ZnO grown on 250nm diameter SNSs at O2 pressures of a) 10mT, b)
150mT, c) 300 mT,and d) 500 mT. Asterisk (*) are substrate peaks.
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Monolayer
Template

Figure 5.20. a) SNS monolayer before GAPLD deposition. b) Cracked SNS
monolayer after complete GAPLD deposition
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Figure 5.21. SEM image showing the fusing of 250 nm diameter SNSs at 800 0C.
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Chapter Six:
Conclusions and Future Direction
In this thesis, LB dip coated monolayers were studied as a bottom-up alternative for the
formation of nanostructures and GAPLD was explored as a top-down technique. These were
studied separately and later combined with the objective of constructing more complex and
periodic nanostructures. GAPLD allowed for the formation of crystalline, ZnO nanocolumns and
LB permitted the construction of a periodic hexagonally closed packed array of nucleation sites.
The ability to produce a periodic array of nanostructures was observed and the capacity to tune
structural properties of ZnO columns was measured to be dependent on underlying SNS size,
showing a coupling of both techniques. This project also conceived other ways to adapt the
combination of these two nanotechnology approaches that with further studies, could lead to more
complex structures.

6.1 Preliminary results of solvothermal Growth of ZnSnO3 on Al:ZnO/SNS Templates

Lead Zirconium Titanate Oxide (PZT) is one of the most widely used piezoelectric and
ferroelectric materials yet its toxicity due to its decomposition into lead oxide is a serious
drawback into future applications and sustainable development. Environmental impact of PZT
has also been discussed100. The European Union under its Restriction of Hazardous Substances
Directive (RoHS) and its amendments, often called the “Lead-Free” directive, restricts with some
exceptions the use of hazardous materials in the manufacturing of electronics and electrical
goods101 . PZT is still exempted from this initiative, but industry leaders have acknowledge that

127

its only a matter of time before the exemptions are not renewew102. This need will drive costs
and eventually make PZT products unattainable, leaving the market of piezoelectric electronics
in question. This vacuum has generated an influx research into a material that has similar
properties to PZT but composed of earth abundant and, most importantly, non-hazardous
elements.
Lead free piezoelectrics have been studied for a considerable amount of time103,104. Initial
interest surrounded Potasium Sodium Niobium Oxide or KNN105 but after considerable study of
its environmental credentials it was found that the extraction process of Niobium Oxide is just as
hazardous as lead oxide itself. In addition, it was found that even though KNN is technically
“greener”, the whole supply chain for KNN leads to more pollution and overall adverse effects
compared to PZT106. The hazardous commercial supply chain of KNN and other drawbacks such
as thermal stability107, generates a need to consider other materials.
Lithium Niobiate Oxide (LiNbO3) or LN-type piezoelectrics have been considered as
they have very comparable properties to PZT and none of the drawbacks of other “lead-free”
piezoelectrics. A material with shows a similar structure to LiNbO3 and its composed of nonhazardous elements would be the ideal direction to go. One potential candidate is ZnSnO3 or
Zinc MetaStannate. Zinc Stannate in its Zn2SnO4 is already being studied for other applications
in electronics and even in other types of piezoelectric devices108. The other chemical structure of
zincstanne, ZnSnO3, shows a deformed perovskite phase similar to that in Lithium Niobate. This
structure can be seen in Figure 6.1. This novel material can be studied as possible replacement
for PZT due to its similar properties and especially its earth abundant element, non-toxic
composition109,110. The preliminary study performed in this research attempted to perform the
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seeded growth of LN-type ZnSnO3 nanowires on a Al:ZnO/SNS/Si template via the technique
shown in chapter 5.
The synthesis method for growth of LN-type ZnSnO3 vertically aligned nanowires uses a
low temperature solvothermal process with sodium stannate, zinc nitrate as zinc (Zn) and tin (Sn)
precursors. Previous work has already shown that under special basicity conditions and in
conductive substrates, a specific mass ratio of Zn precursor to Sn precursor of 0.9 leads to the
formation LN-type ZnSnO3 vertically aligned nanowires but growth is random across the substrate
and

there

is

little

tunability

of

nanowire

formation.

To

solve

this

problem,

a spatially ordered monolayer template of Aluminum doped Zinc Oxide nanocolumns on Silica
Nanospheres (Al:ZnO/SNS) was used as nucleation site.
The initial step was to achieve the proper precursor solution. This precursor solutions
consisted of 0.6 grams of Urea (CH4N2O), 0.10 grams of Sodium Stannate Trihydrate
(H6Na2O6Sn), 0.11 grams of Zinc Nitrate (Zn(HNO3)2, 22 grams of Deionized Water (H2O) and
11 grams of Ethanol (C2H6O). The solution was then stirred in a hot plate at 125rpm at 60 °C
until a pH of 11 was obtained. After the desired basicity was reached the solution was placed in
an oven for 12-18 hours at 180 °C. The resulting white powder was then studied under SEM and
XRD to observe if the actual desired properties could be achieved.
The cubes observed in Figure 6.4B are identified as the Zn2SnO4 chemical structure, as
shown in previous work110. Allowing the reaction to happen in conductive conditions (in
aluminum doped zinc oxide on sapphire substrate) will allow the growth of the desired LN-type
ZTO which is observed in Figure 6.2C, which is similar to other results obtained with the same
method111. The PLD grown aluminum doped ZnO was dropped into the reaction vessel during
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the heating process to serve as nucleation site for the chemical reaction and the LN-type ZTO
columns were observed to grow vertical to the substrate
XRD structural study confirmed the growth LN-type ZTO on the Al:ZnO/Sapphire
substrate as shown in Figure 6.3. The XRD scan of the seeded growth shows the characteristic
peaks of the (012), (104) and (110) of the LN-type ZTO which shows the material is indeed
growing hexagonally at crystal lattice constants of a = 0.53 A and c = 1.39 A. The substrate
peaks are also observed at 2 = 450 for sapphire and 2 = 34.50 for ZnO.
The next of this work involved the use of the Al:ZnO/SNS template to serve as
nucleation sites for this exciting LN-type ZTO material but preliminary studies resulted in the
template notwithstanding the reaction. The bubbling of the liquid reactants (ethanol and water)
during the 12-16 hr heating process causes the template to break off from the Si substrate, and
the resulting products of the reaction are just the ZTO cubes, which do not share the same
structural properties as ZnO. Future work can be performed to improve on this process and
achieve a more robust template durability during the solvothermal process.

6.2 Dissertation Conclusions

In this research, LB dip coated monolayer nanotemplates of silica nanoparticles were
studied as a bottom-up approach for the formation of spatially-ordered nanostructures. The
GAPLD method of growth facilitated the evolvement of the nanostructures by the plume
shadowing effect casting shadows around the nanospheres. In the experimental efforts, these
concepts were validated by the growth of ZnO columnar structures on nanospheres whose
morphology was seen to be dictated by the nano-template particle size. The understanding of the
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nanostructure growth mechanism on such a template requires modification of the existing
nucleation theories to adopt material nucleation on curved surfaces. The close relationship
between the experimental results and the nucleation model that is adopted to curved surfaces
provided a better understanding of the growth mechanism of films on curved surfaces of a
nanoparticle template. Further development of this research may lead to a useful method of
fabricating spatially ordered nanopillars of multitude of material system, single and
multicomponent, without having to resort to tedious and expensive lithographic techniques.
A class of materials that is of great interest is lead-free piezoelectrics. One such material
system is ZnSnO3. Previous research on the growth of nanostructures of this material in our lab
by solvothermal techniques have shown that ZnSnO3 structures preferentially nucleates on ZnO
surfaces111 . However, the nanostructures grown on ZnO films appear to be distributed randomly.
One obvious extension of the research presented in this thesis is a three-step process where (1)
develop a self-assembles nanotemplate with particle sizes to produce the required column width,
(2) use GAPLD to form spatially-ordered ZnO nanopillar structures and (3) use these structures as
a template in the solvothermal growth of ZnSnO3. Such lead-free piezoelectric structures will be
of great interest towards multiple applications, including sensor technologies.
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Figure 6.1. Atomic structure of LN-type ZnSnO3.
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A)

B)

C)
LN-ZTO

Al:ZnO

Figure 6.2. Preliminary methods and results for solvothemal growth of ZTO. A)
Autoclave and oven used for growth of ZTO. B) Top-view SEM image of ZTO cubes
formed by the solvothermal process. C) Cross-sectional SEM of the LN-type ZnSnO3
columnar material in an Al:ZnO conductive substrate.
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2 (Degrees)
Figure 6.3. XRD scan of LN-type ZTO/Al:ZnO/Sapphire (purple) and the
Al:ZnO/Sapphire (grey) substrate. Inlet shows a highlight of the LN-type ZTO
peaks.
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